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Abstract 
Antifungal compounds produced by Lactic acid bacteria (LAB) metabolites can be 
natural and reliable alternative for reducing fungal infections pre- and post-harvest with 
a multitude of additional advantages for cereal-base products. Toxigenic and spoilage 
fungi are responsible for numerous diseases and economic losses. This thesis includes 
an overview of the impact fungi have on aspects of the cereal food chain. The 
applicability of LAB in plant protection and cereal industry is discussed in detail. 
Specific case studies include Fusarium head blight, and the impact of fungi in the 
malting and baking industry. The impact of Fusarium culmorum infected raw barley on 
the final malt quality was part of the investigation. In vitro infected barley grains were 
fully characterized. The study showed that the germinative energy of infected barley 
grains decreased by 45% and grains accumulated 199 µg.kg
-1
 of deoxynivalenol (DON). 
Barley grains were subsequently malted and fully characterized. Fungal biomass 
increased during all stages of malting. Infected malt accumulated 8-times its DON 
concentration during malting. Infected malt grains revealed extreme structural changes 
due to proteolytic, (hemi)-cellulolytic and starch degrading activity of the fungi, this led 
to increased friability and fragmentation. Infected grains also had higher protease and β-
glucanase activities, lower amylase activity, a greater proportion of free amino and 
soluble nitrogen, and a lower β-glucan content. Malt loss was over 27% higher in 
infected malt when compared to the control. The protein compositional changes and 
respective enzymatic activity of infected barley and respective malt were characterized 
using a wide range of methods. F. culmorum infected barley grains showed an increase 
in proteolytic activity and protein extractability. Several metabolic proteins decreased 
and increased at different rates during infection and malting, showing a complex F. 
culmorum infection interdependence. In vitro F. culmorum infected malt was used to 
produce lager beer to investigate changes caused by the fungi during the brewing 
processes and their effect on beer quality attributes. It was found, that the wort 
containing infected malt had a lower pH, a higher FAN, higher β-glucan and a 45% 
increase in the purging rate, and led to premature yeast flocculation. The beer produced 
with infected malt (IB) had also a significantly different amino acid profile. IB flavour 
characterization revealed a higher concentration of esters, fusel alcohols, fatty acids, 
ketones, and dimethylsulfide, and in particular, acetaldehyde, when compared to the 
control. IB had a greater proportion of Strecker aldehydes and Maillard products 
contributing to an increased beer staling character. IB resulted in a 67% darker colour 
with a trend to better foam stability. It was also found that 78% of the accumulated 
mycotoxin deoxynivalenol in the malt was transferred into beer. A LAB cell-free-
supernatant (cfs), produced in wort-base substrate, was investigated for its ability to 
inhibit Fusarium growth during malting. Wort was a suitable substrate for LAB 
exhibiting antifungal activity. Lactobacillus amylovorus DSM19280 inhibited 10
4
 
spores.mL
-1
 for 7 days, after 120 h of fermentation, while Lactobacillus reuteri R29 
inhibited 10
5
 spores.mL
-1
 for 7 days, after 48 h of fermentation. Both LAB cfs had 
significant different organic acid profiles. Acid-base antifungal compounds were 
identified and, phenyllactic, hydroxy-phenyllactic, and benzoic acids were present in 
higher concentrations when compared to the control. A 3 °P wort substrate inoculated 
with L. reuteri R29 (cfs) was applied in malting and successfully inhibited Fusarium 
growth by 23%, and mycotoxin DON by 80%. Malt attributes resulted in highly 
modified grains, lower pH, higher colouration, and higher extract yield. The 
implementation of selected LAB producing antifungal compounds can be used 
successfully in the malting process to reduce mould growth and mycotoxin production. 
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1.1. Introduction  
Cereals have contributed to human nutrition for decades and are one of the most 
important sources of food. Cereals cover a world surface of about 700 million ha 
producing over 2000 million tonnes of grain. Global trade is boosted to a record, where 
barley is one of the most important cereals in the world. With an estimated global 
production over 140 million tons and 51 million hectares of harvested area (USDA, 
2013). Moreover, 25% of the barley production worldwide is processed into malt 
(Dornbusch, 2012). The industrial use of barley grain has experienced continuous 
growth due to its economic importance for malt production. Malting refers to limited 
germination of cereal grains, which enables further processing, where simple sugars and 
enzymes are made available. Steeping is the first stage of malting and is considered the 
critical stage for microbial propagation. During steeping there are wet stages, where the 
barley grains are soaked in water, up to 5 hours; and air stages, where the barley grains 
are kept in aerobic conditions with high moisture levels (over 95% relative humidity). 
The same humidity conditions are kept for 4 to 6 days, resulting in incomplete 
germination of the grains. Steeping and germination stages are carried at temperatures 
between 14 and 16 °C. Following this, the third malting stage is called kilning, where 
the green malt grains are dried to reach moisture levels of 3 to 4%, under controlled 
slow heat rate stage conditions (Kunze, 2010).  
The global malting industry accounts for an annual malt production capacity of 22 
million tonnes where more than 90% is made from barley, the majority of which 
supplies the brewing industry. Barley accounts for up to 70% of total malt production 
costs and in turn, barley malt contributes up to 40% of the costs of beer production.  
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Cereals crops are particularly exposed to numerous biotic and abiotic stress threats, 
from cultivation due to their direct exposure to the environment in the field and 
throughout their life cycle, including processing. Consequently, cereal grains carry high 
microbial loads of varied indigenous microbiota, including viruses, bacteria, 
filamentous fungi, yeasts, slime moulds and protozoa.  
The natural microbiota members present in the outer layers of the grains have been 
recognized as important contributors to malt quality and brewing enzymology (Laitila, 
2007). Indigenous filamentous field fungi can be a major problem in small grain cereals, 
such as barley, as these pathogens are very well adapted to grass hosts (Liddell et al., 
2003). It has been estimated that 5 to 10% of the world's food production is lost as a 
result of fungal spoilage (Pitt and Hocking, 2009).  
Cereals can be contaminated pre-, post-harvesting and post-processing. The toxigenic 
moulds, such as Fusarium, Aspergillus or Penicillium species, are able to proliferate and 
colonize grains affecting both, quality and quantity of the final product  Toxigenic fungi 
cause numerous crop diseases (Clark et al., 2012), and these types of fungal species 
utilize several interactive factors, which support their infection into the cereals 
(Pekkarinen, 2003). From a consumer health safety viewpoint, fungi produce diverse 
mycotoxins with a carcinogenic and mutagenic potential transferable from grains to 
malt and other processed foods, like beer (Champeil et al., 2004; Lancova et al., 2008; 
Schwarz et al., 1995; Wolf-Hall and Schwarz, 2002). Mycotoxins are secondary 
metabolites produced by moulds that are generally thermostable (above 100 °C), and 
thus, can be transferred to processed food. Mycotoxins represent a substantial health 
hazard to the brewing, breakfast cereal, and baking industries (Araguás et al., 2005). 
Several studies have reported the appearance of newly emerging mycotoxins in recent 
years (Rodríguez-Carrasco et al., 2013). From a technological perspective, fungal 
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persistence can reduce product marketability causing economic losses, by reducing 
quantity and quality of the grain (Doran and Briggs, 1993; Noots et al., 1999; Schwarz 
et al., 2001).  
The complete elimination of mycotoxins from contaminated commodities is extremely 
challenging, and mycological safety threats prevail, in various crops (Placinta et al., 
1999; Warzecha et al., 2011), in spite of continued efforts performed by the cereal 
processing industry (Ahmad et al., 2012; Alimentarius, 2003; He et al., 2012; Mavungu 
et al., 2012; Prieto-Simón et al., 2012; Scauflaire et al., 2012).  
Nonetheless, microbes can also have beneficial effects during malting, such as the 
production of hydrolytic enzymes and hormones contributing to malt modification 
(Laitila et al., 2007; Laitila et al., 2011).  
Malting is a complex ecosystem where favourable conditions for microbial growth are 
present due to the nutrient availability, high moisture and mild temperature which 
enable microorganisms to metabolically interact with the grains during the process. 
Consequently, microorganisms have a significant influence in malting performance and 
final malt quality (Laitila, 2007; Laitila et al., 2007; Noots et al., 1999; Raulio et al., 
2009; Wolf-Hall, 2007)  
One of the primary aims of the malting process is to induce complex and synchronized 
endogenous enzymatic reactions (Bamforth, 2009). Protein, in the form of hydrolytic 
enzymes, is essential during malting to mobilize the endosperm and produce free amino 
nitrogen (FAN) for yeast nutrition, thus enhancing fermentation performance. Protein in 
barley kernels can have many different roles, such as; being structural, controlling 
developmental metabolic regulatory functions (Gorjanović, 2010), or functioning as a 
nitrogen store during germination (Gorjanović, 2009; Newman and Newman, 2008). 
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Proteins also play an important role in the plant defence system (Gorjanović, 2009; 
Manners, 2007; Van Loon et al., 2006). The altered enzyme compositions due to 
Fusarium infections often render malt unsuitable for brewing (Schwarz, 2003). Due to 
this wide array of functions, protein content is intimately linked with some of the most 
important barley malt quality attributes in the malting and brewing industries 
(Gorjanović, 2009, 2010; Gorjanović et al., 2005; Haikara, 1983; Kunze, 2010; Steiner 
et al., 2011; Wolf-Hall and Schwarz, 2002).  
It is well known that wort fermentability is a very complex process depending on many 
different malt quality parameters. High endosperm modification is one the most 
important factors in achieving a good degree of fermentation (Edney et al., 2007). The 
extent of the malt modification is directly related to the final wort quality (Kuhbeck et 
al., 2005).  
The transfer of mycotoxins into the final product is dependent on the pattern of 
Fusarium infection in the grains and on the brewing process (Bullerman and Bianchini, 
2007; Hazel and Patel, 2004). Fusarium can also produce hydrophobins, which are 
fungal surface-active proteins that induce gushing in carbonated beverages including 
beer (Shokribousjein et al., 2011; Stübner et al., 2010; WANG et al., 2010). The 
mycotoxins DON and nivalenol (NIV) remain persistent in the beer production chain 
(Kostelanska et al., 2009; Lancova et al., 2008). The presence of Fusarium infected malt 
as part of the brewing raw material can lead to several processing and quality problems 
in beer (Wolf-Hall, 2007; Wolf-Hall and Schwarz, 2002), such as premature yeast 
flocculation (Axcell et al., 2000; Blechova, 2005).  
Although it is not possible to prevent the introduction of pathogens into food processing 
facilities, it is crucial to minimize their presence (Akins-Lewenthal, 2012).  
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The most common food preservation strategies applied in the food industry involve 
chemical or physical techniques. However, bio-preservation technologies are being 
favoured to improve the safety, nutritional value, and organoleptic properties of cereals, 
in response to current consumer trends (Reis et al., 2012). Nowadays, functionality is an 
important marketing tool and provides a distinct commercial advantage in the 
marketplace (Bigliardi and Galati, 2013; Prado et al., 2008).  
The microbial fermentation in food production can antagonize spoilage contaminants, 
and are increasing in popularity due to their ability to enhance either the product quality, 
and/or its nutritional profile (Bourdichon et al., 2011).  
Lactic acid bacteria (LAB) species, which also occur as part of the natural barley 
microbiota can play a positive role in grains and processed cereal products (Vaughan et 
al., 2005). Generally, LAB are accepted as safe for use in food by the European Food 
Safety Authority (EFSA) who have granted many species a so-called Generally 
Regarded as Safe (GRAS) status. LAB are known to deliver desired technological 
properties and bioprotection in several different food matrices, concurrently enhancing 
organoleptic and textural qualities of the final product (Di Cagno et al., 2012; Franz et 
al., 2010; Peres et al., 2012). The most frequently used LAB strains as food cultures are 
those belonging to the Lactobacillus species.  
LAB can be used as a useful and effective strategy to prevent or reduce the incidence of 
pathogens which improves food safety and consumer health (Dalié et al., 2010; Gaggia 
et al., 2011; Laref et al., 2013; Muhialdin et al., 2011).  
The investigation of the antifungal compounds and their synergies is complex (Zalán et 
al., 2010). It is commonly accepted, that the LAB bio-preservation results mainly from 
the synthesis and synergy between a wide variety of active metabolites that include: 
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organic acids (lactic, acetic, formic, propionic, and butyric acids), or other antagonistic 
compounds, such as carbon dioxide, ethanol, hydrogen peroxide, fatty acids, acetoin, 
diacetyl, antifungal compounds (propioniate, phenyl-lactate, hydroxyphenyl-lactate, 
cyclic dipeptides and 3-hydroxy fatty acids, phenyllactic acid), bacteriocins (e.g. nisin, 
reuterin, reutericyclin, pediocin, lacticin, enterocin), and bacteriocin-like inhibitory 
substances (BLIS) (Muhialdin et al., 2011; Nes et al., 2012; Reis et al., 2012; Schnürer 
and Magnusson, 2005; Yang and Chang, 2010). Cyclic dipeptides have also been shown 
to have synergistic effects in inhibiting the growth of pathogens (Rhee, 2004; Ström et 
al., 2002; Waters et al. submitted), as well as other proteinaceous compounds 
(Magnusson and Schnürer, 2001; Rather et al., 2013), and hydroxyl fatty acids (Black et 
al., 2013; Sjögren et al., 2003). In addition, LAB strains have been able to eliminate 
fungal mycotoxins, either by producing anti-mycotoxinogenic metabolites, or through 
absorption due to their cell membrane porosity (Dalié et al., 2010).  
The current perspectives on antifungal LAB as natural bio-preservatives were recently 
reviewed by Pawlowska et al. (2012) and Crowley et al. (2013).  
The use of LAB to produce antimicrobial metabolites represents a biotechnological 
advantage for the food industry (Reis et al., 2012). LAB hurdle biotechnology is seen as 
a product microbial safety advantage in order to improve the safety as well as quality of 
cereal products. Some of the Gram + bacterial components of the microbiota present in 
grains include genera such as genera Bacillus, Lactobacillus, Leuconostoc, 
Pediococcus, Micrococcus (Justé et al., 2011). One of the main advantages of applying 
LAB in cereal-based foods is their antifungal biopreservative potential. LAB have been 
applied in the malting process as starter cultures expressing antifungal and detoxifying 
activity (Laitila et al., 2002; Liske et al., 2000; Lowe and Arendt, 2004), among other 
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advantages (Laitila et al., 2006; Lowe et al., 2005a; Lowe et al., 2005b; Raulio et al., 
2009).  
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2.1. Introduction 
Cereals are one of the most important sources of food, which have contributed to human 
nutrition for millennia (FAO, 2002). However, cereals are exposed to numerous biotic 
and abiotic stress factors, from cultivation to pre-/post-harvest and post-processing. 
Toxigenic fungi are a major problem in cereal crops as they produce a multitude of 
toxic metabolites contaminating plants and food products. Fungi cause numerous crop 
diseases (Clark et al., 2012), which are responsible for economic losses amounting to 
billions of Euros. Many phytopathogenic and spoilage fungi also cause several potential 
carcinogenic and mutagenic diseases in humans and animals due to mycotoxin 
production. Mycotoxins are secondary metabolites produced by moulds as a natural 
protection. Mycotoxins are generally thermostable above 100 °C and thus, can be 
transferred to food, even after microbial stabilization steps, such as heating and 
extrusion. Consequently, humans and animals are exposed to their toxic effects. 
Mycotoxins represent a substantive health hazard to the cereal industry (Araguás et al., 
2005). Moulds have the ability to grow in a broad range of environmental conditions. It 
has been estimated that 5 to 10% of the world's food production is lost as a result of 
fungal spoilage (Pitt and Hocking, 2009). Mycological safety threats prevail in spite of 
continuous efforts to the contrary and thus, methods to detect and quantify harmful 
fungi are ongoing, in particular, towards cereal plant pathogenic species (Ahmad et al., 
2012; He et al., 2012; Mavungu et al., 2012; Prieto-Simón et al., 2012; Scauflaire et al., 
2012).  
Although it is challenging to prevent the introduction of pathogens into food processing 
facilities, it is crucial to minimize their presence (Akins-Lewenthal, 2012). The most 
common food preservation strategies applied in the food industry involve chemical or 
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physical techniques. However, these methods only decrease fungal infections and fall 
short of contaminant elimination. In addition, current consumer trends focus on high-
quality, minimally processed green-label foods, thus driving the food industry towards a 
focus on natural preservation and stabilization approaches (Reis et al., 2012). 
Biopreservation technologies are being favoured to improve safety, nutrition value, and 
organoleptic properties of cereals in response to consumer demands. Lactic 
fermentation represents one of the most important biopreservation technologies 
(Bourdichon et al., 2011). The fermentation of microorganisms used in food production 
can antagonize spoilage contaminants, and are increasing in popularity due to their 
ability to enhance either the product quality, and/or its nutritional profile. 
Lactic acid bacteria (LAB) as biopreservative organisms have been the focus of 
numerous studies. Generally, LAB are accepted as safe for use in food by the European 
Food Safety Authority (EFSA) who have granted many species a Generally Regarded as 
Safe (GRAS) status. LAB are known to deliver desired technological properties and 
bioprotection in several different food matrices, concurrently enhancing organoleptic 
and textural qualities of the final product.  
The objective of this review is to provide an updated perspective of the current and 
prevailing fungal infections of cereal crops and the resulting foods, with an overview of 
the antagonistic role that LAB can play. Specific examples to illustrate the biocontrol of 
phytopathogenic fungi in the field will be discussed. Additionally, the effects of these 
phenomena in the cereal food processing industry will be illustrated. 
2.2. Cereals 
Cereals and cereal-base products are important human food resources and livestock 
feeds worldwide. The major cereal crops produced worldwide are wheat (Triticum spp.), 
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rice (Oryza spp.), maize/corn (Zea mays L.), and barley (Hordeum vulgare L.) (USDA, 
2013). Other common cereals include millet, sorghum, rye, oat and triticale. Maize 
ranks first in quantity produced and cultivation area of cereals worldwide, followed by 
wheat, rice and barley (Table 1). 
Table 1. Cereals’ world production, consumption, and trade, in million metric tonnes, 
since 2008/09 (USDA, 2013). 
Cereal World 2008/09 2009/10 2010/11 2011/12 2012/13 
Barley 
 
Production 155 151 123 134 130 
Consumption 144 145 136 136 133 
Trade  18 17 15 21 19 
Maize Production 801 824 832 883 857 
Consumption 785 826 850 879 864 
Trade  84 93 92 104 98 
Oat Production 26 23 20 22 21 
Consumption 24 24 21 22 22 
Trade  2 2 2 2 2 
Rice Production 449 441 449 466 470 
Consumption 437 438 446 459 470 
Trade  29 32 36 39 39 
Rye Production 17 18 11 12 14 
Consumption 16 17 13 13 14 
Trade  266 409 472 548 520 
Sorghum Production 65 54 62 54 57 
Consumption 64 57 61 56 57 
Trade  6 6 7 5 7 
Wheat Production 684 687 652 697 656 
Consumption 644 654 655 697 675 
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Trade 144 136 134 154 144 
 
In developed countries, up to 70% of cereals harvested are used as animal feed, while in 
developing countries cereals are mainly used for human nutrition (Awika, 2011). In 
fact, 50% of the world’s calories are provided by rice, wheat and maize. Cereals are 
important in human nutrition as a source of protein, dietary fibre, and carbohydrates, as 
well as providing micronutrients such as, magnesium, zinc, and complex-vitamins E 
and B (McKevith, 2004). Regular consumption of cereals is associated with health-
promoting effects, in particular whole grains (Angelov et al., 2006). These are 
associated with the prevention of chronic diseases such as coronary heart disease, 
diabetes and colorectal cancer (McKevith, 2004). Conversely, whole grain cereals may 
also contribute with anti-nutrients such as phytate and tannins, while processed cereals 
contribute to sodium intake (McKevith, 2004). 
Cereals are also used to produce oils, starch, flour, sugar, syrup, malt, alcoholic 
beverages, gluten and renewable energy. The primary application of cereals is for bread 
production (Valdez et al., 2010). The industrial use of cereal coarse-grains (e.g. corn, 
barley, oat, sorghum) have experienced continuous growth (USDA, 2013). This is 
mainly due to the economic importance for malt production, in the case of barley, and 
for development of novel food products, in the case of oats. 
2.3. Current challenges 
2.3.1. Fungal infections 
Agricultural crops are vulnerable to infections due to a wide spectrum of plant 
pathogens. In today’s marketplace, the increasing complexity and wide distribution 
chain represent enormous challenges for food production. The increased fungal 
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infection and cross-contamination hazards are associated with the globalization of cereal 
trade (Waage et al., 2006). Also, agricultural crops that spread outside their original 
environment lack ecological balancing factors, which expose them to non-native 
pathogens and thus being vulnerable to other diseases (Gamliel et al., 2008). As such, 
controlling pathogenic microorganisms in the food production chain is a continuous 
challenge. Despite new food safety management strategy implementations certain 
challenges remain unidentified, which may lead to potential contamination or 
widespread illness (Olewnik, 2012). 
Indigenous microbiota in cereal grains consist of viruses, bacteria, filamentous fungi, 
yeasts, slime moulds and protozoa. Over 10 million bacteria per gram and more than 
150 different mould species can be found in grains (Laitila, 2007a). Additionally, cereal 
contamination and climate change are intimately related (Santini et al., 2012a). 
Depending on geographic locations and climate conditions, saprophytic and parasitic 
organisms, either mesophilic or psychotrophic microbes are dominant. These cause 
external and internal plant and grain damage through colonization and nutrient depletion 
(Laitila, 2007b; Noots et al., 1999). Fungal infections cause several plant diseases, 
reduce yield, cause discolouration, shrivelling of the grains reducing quantity and 
quality of grains (Osborne and Stein, 2007; Schwarz et al., 2001). In addition, 
pathogens can be transmitted along the food chain and become a source of human 
illness (Gaggia et al., 2011). 
Cereal grains are exposed to contaminations in the field from several sources (water, 
composted manure, soil, etc.), during cultivation, harvest, storage, and transport. 
Common phytogenic microorganisms include bacteria (e.g. Pseudomonadaceae, 
Micrococcaceae, Lactobacillaceae and Bacillaceae), yeasts (e.g. Candida, 
Cryptococcus, Pichia, Sporobolomyces, Rhodotorula, Trichosporon) and filamentous 
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fungi (e.g. Alternaria, Aureobasidium, Cladosporium, Epicoccum, Fusarium, 
Helminthosporium, Claviceps). Additionally, potential secondary infections can occur 
post-harvest. Grains can be contaminated during cleaning, milling, grading or packaging 
processes (from residues in containers, equipment, screw-conveyors, etc). Common 
microorganisms infecting grains in storage include xerophilic Aspergillus glaucus 
group, and Penicillium spp., where the most important parameter for mould germination 
is the minimum aw of 0.68 (14% moisture) (Laca et al., 2006; Laitila, 2007b; Noots et 
al., 1999). After processing, the main spoilage fungi affecting cereal products belong to 
the genera Aspergillus, Penicillium, and Fusarium. Currently, there are several fungal 
human pathogens and spoilage moulds able to adapt to the presence of food 
preservatives due to its frequent use in industry. 
2.3.2. Mycotoxins 
The prevalence of more adaptable mycotoxin producing chemotypes of pathogenic 
fungal biota in the field is a major problem (Jennings et al., 2004; Ward et al., 2008). 
Filamentous fungi are a main safety concern due to the production of mycotoxins 
accumulated in grains pre- and post-harvest, which are associated with severe health 
problems. Mycotoxins can be carcinogenic, mutagenic, genotoxic, teratogenic, 
neurotoxic, and oestrogenic, including reproductive and developmental toxicity (Fung 
and Clark, 2004; Jestoi, 2008a; Köppen et al., 2010).  
Classes of mycotoxins frequently encountered in different food systems are aflatoxins, 
fumonisins, ochratoxins, patulin, tricothecenes and zearalenone (ZEA) (Alimentarius, 
2011; Dalié et al., 2010). High incidence of mycotoxin infections in cereals have been 
observed worldwide, in different crops and regions (Manthey et al., 2004; Placinta et 
al., 1999; Warzecha et al., 2011). It is estimated that 25% of the world’s agricultural 
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commodities are contaminated with mycotoxins (FAO, 2010). Mycotoxins, such as 
Fusarium toxins, Alternaria toxins, and the ergot alkaloid groups, are common 
contaminants of cereal grains (Pleadin et al., 2012; Roscoe et al., 2008; Santos et al., 
2012). Table 2 shows the most common mycotoxins detected in cereals and its health 
effects in humans and animals, including the available lethal dose values in 50% of 
sample values of mycotoxins per body weight (LD50). Over the last two years, the 
frequency of cereal and bakery product contamination by aflatoxins (48%) and 
ochratoxin A (OTA) (14%) from Aspergillus species; and deoxynivalenol (DON) (21%) 
and fumonisins (13%) from Fusarium species (RASFF, 2012). From these, 48% had its 
origin in Europe. The estimated economic losses attributed to mould infection; 
mycotoxin contamination and prevention costs; infected waste disposal, and quality 
control runs into billions of Euros annually. 
The mycotoxin content in processed cereal-based products is dependent on the pattern 
of fungal infection in the grains as well as the processing steps (Laca et al., 2006). The 
main sources of mycotoxins in foods and feed are usually grains and grain-based 
products. Due to their high chemical stability, mycotoxins are potentially transferable 
from grains to malt and other processed foods (Champeil et al., 2004; Lancova et al., 
2008; Schwarz et al., 1995; Wolf-Hall and Schwarz, 2002). The presence of mycotoxins 
in grains cannot be confirmed based on the visual appearance alone (Oliveira et al., 
2012b), instead, detection is dependent on chemistry-based methods (Capriotti et al., 
2012). 
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Table 2. Mycotoxins found in cereal crops and their fungal source, with the health effects for humans and animals including the lethal dose in 
50% of sample values of mycotoxins per body weight (LD50) (Cardona et al. 1991; Choi and Moon, 2009; Dawson et al., 1969; EFSA, 2005; 
EFSA, 2011; Finnegan, 2010; Frisvad et al., 2007; Makun et al. 2011a; Pitt, 2002; Gupta et al., 2010; López-García et al., 2002; Streit et al. 
2013; Sumalan et al., 2011; Tess and Saul, 2012; Visconti, 2001; Wagacha et al., 2012; Wheeler et al., 1991; Wijnands and Leusden van, 2000; 
Zalán et al., 2010). 
Mycotoxin Fungi source Cereal 
crops 
Health effects in humans and animals LD50 (mg.kg
-1
)  
Aflatoxins 
(B1, B2, G1, G2) 
Aspergillus (flavus, bombycis, nomius, ochraceoroseus, 
parasiticus, parvisclerotigenus, pseudotamarii, 
rambellii, toxicarius); Emericella (astellata, olivícola) 
Maize Potent carcinogens, neurotoxins and immunosuppressants. 
Aflatoxicosis: death due to consumption of contaminated food; liver 
disease and cancer in humans and animals; hydroxylated aflatoxin 
metabolites (M1 and M2) found in milk. 
AFB1 
Mice: 9.0 p.o. 
Rabbit: 0.3 p.o. 
Dog: 0.5 – 1.0 p.o. 
Alternaria 
alternata 
lycopersici 
(AALs) 
Alternaria (alternata, triticina, arborescens, 
cucumerina, dauci, kikuchiana, solani) 
Wheat, 
barley, oat 
Carcinogenic; might be responsible for oesophageal cancer. 
Experiments with rodents indicate the following mycotoxin acute 
toxicity: altenuene (ALT) > (tenuazonic acid) TeA > (alternariol 
monomethyl ether) AME > (alternariol) AOH.  
AME, AOH 
Mice: 400 i.v. 
TeA 
Mice: 162 – 115 i.v., 225 p.o. 
ALT 
Mice: 50 i.v. 
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Avenacein Y Fusarium (avenaceum, chlamydosporum, lateritium, 
tricinctum) 
Wheat Significant antibiotic properties against phytopathogenic bacteria with 
low cell toxicity. 
Not available 
Butenolide Fusarium (avenaceum, crookwellense, culmorum, 
graminearum, poae, sambucinum, sporotrichioides, 
tricinctum, venenatum) 
Broad Associated with cattle diseases, synergistic effects with enniatins B. Mice: 44 i.p., 275 p.o. 
Citreoviridin Aspergillus terreus; Eupenicillium cinnamopurpureum; 
Penicillium (citreonigrum, manginii, miczynskii, 
smithii) 
Rice Possibly involved in acute cardiac beriberi, sporadically associated with 
yellow rice disease. 
Mice: 7.5 i.p., 20 – 29 p.o., 11 
s.c. 
Citrinin (CTN) Aspergillus (terreus chemotype II, carneus, niveus); 
Blennoria sp.; Clavariopsis aquatic; Monascus ruber; 
Penicillium (manginii, chrzazszii, citrinum, expansum, 
odoratum, radicícola, verrucosum, westlingii) 
Broad Potent nephrotoxin. Mice: 35 – 58 i.p., 110 p.o. 
Rat: 50 p.o. 
Rabbit: 19 i.p. 
Culmorin and 
derivates 
Fusarium (crookwellense, culmorum, graminearum, 
langsethiae, poae, sporotrichioides) 
Broad Synergistic effect with DON towards caterpillars. Low toxicity in in vitro 
assays 
Cyclochlorotine Penicillium islandicum Rice Chlorine containing cyclic peptides associated with yellowed rice 
toxicosis. 
Mice: 0.3 i.p., i.v., 6.5 p.o., 0.48 
s.c. 
Rat: 50 i.p., 5 p.o., 0.4 s.c.  
Cyclopiazonic 
acid 
Aspergillus (flavus, lentulus, oryzae, 
parvisclerotigenus, pseudotamarii, tamarii); 
Penicillium (camemberti, commune, dipodomyicola, 
griseofulvum, palitans) 
Broad Potent organ damaging calcium chelating mycotoxin; produces focal 
necrosis in most vertebrate inner organs. 
Rat: 2.3 i.p., 36 – 63 p.o. 
Deoxynivalenol 
(DON) and 
derivatives 
Fusarium (culmorum, graminearum, 
pseudograminearum) 
Broad Nausea, vomiting and stomach pains; chronic and fatal toxic effects. At 
the cellular level, the main toxic effect is the inhibition of protein 
synthesis via binding to ribosome. 
Mice: 49 – 70 i.p., 46 – 78 p.o.  
Duckling: 27 s.c. 
Chicks: 140 p.o. 
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Diacetoxyscirpe
nol (DAS) 
Fusarium (venenatum, poae, equiseti, sporotrichioides, 
langsethiae, sambucinum) 
Broad Effects in immune system, inhibits initiation of protein synthesis, 
killing rapidly proliferating cells. 
Mice: 23 i.p. 
Rabbit: 1.0 i.v. 
Swine: 0.37 i.v. 
Enniatins 
(ENNs) (A, A1, 
B, B1) and 
cyclic peptides 
Fusarium (acuminatum, avenaceum, langsethiae, 
lateritium, poae, sambucinum, sporotrichioides); 
Halosarpeia sp.; Verticillium hemipterigenum 
Broad Antibiotic and ionophoric activity. Induction of apoptosis. Enniatin B 
often occurs together with enniatin B1 and A. 
Mice: 10 – 40 i.p. (death 
within 2 – 5 days) 
Ergot alkaloids 
(ergolines) 
Claviceps (fusiformis, paspali, purpurea) Rye Ergotism in human and animals, ergot alkaloids cause vasoconstriction 
and neurotoxicity including hallucinations. 
Ergometrine 
Mice: 160 i.v., 448 p.o. 
Rabbit: 3.2 i.v. 
Ergotamine 
Mice: 265 i.v. 
Rabbit: 3 i.v., 550 p.o. 
Fumonisins (B1, 
B2, B3) 
Fusarium (anthophilum, dlamini, napiforme, nygamai, 
proliferatum, thapsinum, verticillioides) 
Maize, 
millet, 
sorghum, 
rice 
Interfere with some steps that contribute to cell growth. Weak link with 
increased risk of throat cancer. Affects the nervous system of horses. 
F. verticillioides extract: 
Mice: 45.4 – 51.7 i.p., > 1000 
p.o. 
Chicks: 81 – 88 i.p. 
Fusaproliferin 
(FUS) 
Fusarium (globosum, guttiform, proliferatum, 
pseudocircinatum, pseudonygamai, subglutinans, 
verticillioides) 
Maize Recent mycotoxin which shows teratogenic and pathological effects in 
cell assays. Toxic in in vitro trials to brine shrimp and mammalian 
cells. 
Not available 
Fusarenon-X Fusarium (culmorum, graminearum, cookwellense, Rice, It is toxic to murine thymocytes, lymphocytes and gastric epithelial 
cells and to human hepatoblastoma cells, acute toxic effects on gastric 
Mice: 4.5 p.o. 
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(FUS-X) poae, nivale, equiseti, tricinctum) wheat epithelial cells in animals such as vomiting. Rat: 4.4 
p.o. 
Moniliformin 
(MON) 
Fusarium (avenaceum, napiforme, nygamai, 
oxysporum, proliferatum, subglutinans, tricinctum, 
thapsinum, verticillioides) 
Corn, 
sorghum, 
millet, rice 
Cytotoxic, inhibits protein synthesis and enzymes, chromosome 
damages, induce heart failure in mammals and poultry. 
Mice: 21 – 29 i.p. 
Rat: 42 – 50 i.p. 
Chicks: 5.4 p.o. 
Nivalenol 
(NIV) 
Fusarium (graminearum, poae, culmorum, venenatum, 
equiseti, crookwellense) 
Broad Hormone (oestrogen) mimic, limited evidence of genotoxicity. 
Oestrogenic toxin affects reproduction. Inhibition of protein synthesis. 
Mice: 4.1 i.p. 
Ochratoxin A 
(OTA) 
Aspergillus (carbonarius, cretensis, flocculosus, 
lacticoffeatus, niger, ochraceus, pseudoelegans, 
roseoglobulosum, sclerotioniger, sclerotiorum, steynii, 
sulphureus, westerdijkiae); Neopetromyces muricatus; 
Penicillium (nordicum, verrucosum); Petromyces 
(albertensis, alliaceus) 
Rice, 
wheat 
Toxic to the kidneys (nephrotoxic) and the immune system, it is 
classified as a probable human carcinogen. Neurotoxins and 
immunosuppressants. 
Mice: 22 – 40 i.p., 26 – 34 i.v., 
46 – 58 p.o. 
Rat: 12.6 i.p., 20 – 30 p.o.  
Chicken/swine: 2.1 – 4.7 p.o. 
Patulin Aspergillus (clavatonanica, clavatus, giganteus, 
longivesica, terreus); Byssochlamys nivea; Penicillium 
(carneum, clavigerum, concentricum, coprobium, 
dipodomyicola, expansum, formosanum, gladioli, 
glandicola, griseofulvum, marinum, paneum, 
sclerotigenum, vulpinum) 
Rye, rice Very toxic with various toxic effects; can harm the immune system and 
gastrointestinal tract. 
Rat: 5 – 15 i.p., 15 – 25 i.v., 25 
– 46 p.o.  
Mice: 7.6 i.p. 
Penitrem A Penicillium (clavigerum, crustosum, glandicola, 
janczewskii, melanoconidium, tulipae) 
Broad Mycotoxic indol-terpene with tremorgenic properties, implicated with 
mycotoxicoses of animals, suspected to be implicated in tremors in 
humans. 
Mice: 1 i.p. 
T-2 toxin and 
HT-2 toxin 
Fusarium (sporotrichioides, langsethiae, poae, 
sambucinum) 
Broad It is the most toxic of the Fusarium trichothecenes. Interferes with 
protein synthesis and DNA/RNA synthesis (HT-2 toxin derivate is less 
toxic). 
Mice: 5.2 i.p., 5.2 – 10.5 p.o. 
Rat: 5.2 p.o. 
Swine: 1.2 i.v. 
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Trichodermin Trichoderma viride Wheat, 
maize 
Potent inhibitor of plant growth with several phytotoxic effects. It 
inhibits wheat coleoptile growth. Inhibits protein synthesis by binding 
to ribosomes, proposed as antifungal and antineoplastic, used as tool in 
cellular biochemistry. 
Mice: 500 s.c. 
Zearalenone 
(ZEA) 
Fusarium (graminearum, culmorum, equiseti, 
crookwellense) 
Broad Oestrogenic activity in farm animals and it is implicated in 
hyperestrogenic syndromes in humans. 
Mice: > 500 i.p., p.o. 
Xanthomegnin Aspergillus (auricomus, bridgeri, elegans, flocculosus, 
insulicola, melleus, neobridgeri, ochraceus, ostianus, 
persii, petrakii, roseoglobulosus, sclerotiorum, steynii, 
sulphureus, westerdijkiae); Microsporon cookie; 
Neopetromyces muricatus; Penicillium (cyclopium, 
freii, janthinellum, mariaecrucis, melanoconidium, 
tricolor, viridicatum); Trichophyton (megninii,  
mentagrophytes, rubum, violaceum) 
Broad Mycotoxicosis in animals; toxic to liver and kidneys in mammals. Mice: 450 p.o. 
i.p.
 Intraperitoneal administration; 
i.v.
 Intravenous administration; 
p.o.
 Oral administration; 
s.c.
 Subcutaneous administration. 
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There are rapid and continuous technological developments in detection methodologies 
to allow adherence of foods to the maximum permitted levels of mycotoxins in cereals 
in EU (EC, 2006; EC, 2007) and worldwide. However, a multiple different mycotoxins 
are often produced within a single food matrix and their additive effects are also 
considered a health risk factor, even if present below their maximum individual 
tolerance dose (Eskola et al., 2001; García-Cela et al., 2012; Speijers and Speijers, 
2004; Tanaka et al., 2010). The interactions between mycotoxins can act synergistically, 
such as DON with aflatoxin B1 (AFB1) or Nivalenol (NIV) or Sterigmatocystin (ST) 
(Sobrova et al., 2010); BEA with T-2 toxin (Ruiz et al., 2011b); OTA with citrinin 
(CTN) (Bouslimi et al., 2008), or antagonistically (Ruiz et al., 2011a; Ruiz et al., 
2011b). Yet, further studies on mycotoxin accumulation and combined toxicity are 
needed for more comprehensive explanations (Capriotti et al., 2012; García-Cela et al., 
2012; Tammer et al., 2007). 
Moreover, emerging mycotoxins have been detected in cereals throughout Europe 
(Malachova et al., 2011). Mycotoxins such as fusaproliferin (FUS), beauvericin (BEA), 
enniatins (ENNs), and moniliformin (MON) remain without legislation or legal limits 
(Jestoi, 2008b; Santini et al., 2012b; Vaclavikova et al., 2012). The occurrence and 
distribution of mycotoxins in foods is of extreme importance due to the detrimental 
health effects and/or unknown outcomes of prolonged exposure to these agents, which 
can be vectors of chronic diseases (Jestoi, 2008a). This is particularly important to 
specific population groups, such as children and vegans/macrobiotics, that can be 
exposed to excess levels of tolerable intake (Asam and Rychlik, 2013; Beretta et al., 
2002; Leblanc et al., 2005; Lombaert et al., 2003). This was reported for T-2 and HT-2 
toxins by the European Commission (EC, 2003). The risk assessment of exposure and 
effects of mycotoxins on children's health was recently reviewed (Sherif et al., 2009). 
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Another challenge is the masked effect on mycotoxins. Masked mycotoxins are those 
which are hidden from standard detection due to their conjugation to polar substances 
(e.g. sugars, amino acids and sulphate) by plants during protective detoxification, with 
subsequent incorporation into plant cell compartments. The polarity of these derivates 
will be altered and, thus, are harder to extract and detect (Malachova et al., 2011). 
Several analytical limitations were reported by Köppen et al. (2010). Mycotoxins that 
are modified through technological treatments, conjugates and masked forms are lost 
during extraction (Lattanzio et al., 2012). There are thousands of potential toxic 
metabolites produced by fungi (over 400 identified) with a broad chemical diversity. 
This poses analytical difficulties for techniques in terms of detection limits, recovery, or 
reproducibility. Due to the high variability among test results, mycotoxin concentrations 
in lots may not be determined with accuracy.  
Health risk factors concerning the impact that the type of agriculture has in mycotoxins 
are still controversial. Fewer cereal rotations and less problems with lodged fields are 
related to farming practices and seem to restrict Fusarium infestations and mycotoxins 
(Bernhoft et al., 2012). Conversely, occurrence of mycotoxins have been reported to 
increase applying organic approaches (Ok et al., 2011; Rubert et al., 2013b; Serrano et 
al., 2012). It is apparent that organic practices have to implement rigorous preventative 
measures to maintain contaminations at a low level (Lairon, 2011). 
Complete elimination of mycotoxin contaminated commodities is not achievable 
(Alimentarius, 2003), and prevention strategies post-harvest are only effective for 
mycotoxins formed at this stage (Magan and Aldred, 2007). This represents a challenge 
for plant breed management programs and for the food processing industry. 
2.3.3. Barley Fusarium head blight (FHB) 
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One example of fungal infections in cereal crops with serious agricultural repercussions 
is the case of Fusarium Head Blight (FHB) (Clark et al., 2012). FHB, commonly known 
as scab, is a devastating fungal disease that occurs in barley, wheat and other small 
cereal grain crops (Desjardins, 2006; Miedaner et al., 2010; Parry et al., 1995).  
FHB is of growing international importance leading to significant economic losses 
across the value chain by reducing grain yield and quality of barley and wheat in 
cultivation sites worldwide (Gilbert and Tekauz, 2000), particularly in warm, humid and 
temperate climate regions over the past 25 years (Pirgozliev et al., 2003). Indeed, high 
temperature and humidity levels (e.g. heavy dew) favour fungal infection and disease 
development (Doohan et al., 2003; Xu, 2003), which can justify the presence of more 
pathogen species detected in countries with high relative humidity (e.g. UK and 
Ireland), in comparison to other European countries (Xu, 2010). Favourable conditions 
for fungal infection are long periods (over 2 to 3 days) of high humidity (over 90%), 
with heavy rainfall (over 500 mm), and temperatures between 23 and 29 °C, in 
particular during flowering (anthesis) and early grain-filling crop stages (McMullen and 
Stack, 2011). However, infection also occurs at lower temperatures when high humidity 
persists for longer than 72 h (McMullen and Stack, 2011). In addition, the global 
warming phenomenon can alter the physiology and morphology of both the crop and 
pathogen and is, therefore, recognized as a serious global environmental problem 
(Brennan et al., 2005). Currently, FHB is presently the most damaging disease of barley 
in Canada and it cost millions of dollars per annum in the USA alone (Nganje et al., 
2004). 
FHB rapidly destroys a crop within few weeks with disease symptoms including 
premature necrosis and a brown/grey discolouration of spike tissue (Parry et al., 1995). 
Physical damage from scab is multifold encompassing reduced yields, discolouration, 
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shrivelled kernels, contamination with mycotoxins, and overall reduction in seed 
quality. Yield losses in FHB-infected barley (scabby or tombstone kernels) occur 
through sterile blighting florets and shrivelled kernels (disruption of grain filling and 
reduced size) (Subedi and BL Xue, 2007). The earliest infections generally kill the 
florets compromising the kernel development. FHB infection also causes the 
accumulation of trichothecene mycotoxins produced in the mature grain (Jansen et al., 
2005), which is the primary cause of reduced grain quality (Desjardins, 2006).  
FHB infection of field-grown cereal plant develops when the phytopathogen Fusarium 
fungi infects the crop spikes tissue after they emerge in the late-milk to soft-dough 
stages of seed development (Bushnell et al., 2003). Fusarium fungi can enter in cereal 
florets either passively through natural openings, such as stomata, or actively by direct 
penetration (Bushnell, 2001; Lewandowski et al., 2006). The first symptom of this 
disease tends to occur around the middle of the head (Bushnell et al., 2003), the region 
where flowering begins (Kirby, 2002). Once inside the floret, the fungus quickly 
penetrates the highly susceptible interior surfaces, causing yellow and brown lesions. 
Hyphae grow subcuticularly and intercellularly (Jansen et al., 2005; Kang and 
Buchenauer, 2000) during the first two days of infection (Jansen et al., 2005; Pritsch et 
al., 2000). Barley is also susceptible to fungal infection for a prolonged period after 
anthesis, and FHB can develop more rapidly in plant tissues nearing natural senescence 
(Scanlan and Dill-Macky, 2010). FHB incidence (number of diseased spikes/total) and 
severity (number of diseased spikelets/total) are highly correlated (Xu, 2010). 
Fusarium species, responsible for FHB, can grow on a variety of substrates, can tolerate 
diverse environmental conditions, and also have high levels of intraspecific genetic and 
genotypic diversity (Kerenyi et al., 2004). Most frequently detected isolates include F. 
graminearum (teleomorph: Gibberella zeae (Schwein.) Petch); Fusarium cerealis 
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(synonyms Fusarium crookwellense), Fusarium culmorum Wm. G. Sm., Fusarium poae 
(Peck) Wollenw, and Fusarium avenaceum (Fr.) Sacc. (McMullen M. et al., 1997; 
Walter et al., 2010). In parts of Northern Europe, F. culmorum and F. avenaceum are 
the prevalent species (Parry et al., 1995). Nonetheless, F. graminearum, has caused 
most of the recent outbreaks of FHB in the USA and Canada, as well as in South 
America, Southern and Central Europe, China, and Japan (Osborne and Stein, 2007; 
Speijers and Speijers, 2004). F. graminearum higher tolerance to environmental 
conditions variability and capacity to produce ascospores are two key factors for its 
competitive advantage. 
These filamentous ascomycete fungi typically produce trichothecene DON, its derivates 
(3- acetyldeoxynivalenol (3-ADON) and 15-acetyldeoxynivalenol (15-ADON)), NIV, 
and ZEA (Desjardins, 2006; Puri and Zhong, 2010). These mycotoxins pose serious 
hazards to humans and animals. They cause neurological disorders and 
immunosuppression due to inhibition of protein biosynthesis (Choo, 2006; Goswami 
and Kistler, 2004; Parry et al., 1995; Rocha et al., 2005; Walter et al., 2010). However, 
trichothecene mycotoxins play a predominant role in establishment of FHB and have 
been implicated in pathogen virulence. DON is the most common mycotoxin produced 
by Fusarium species (Desjardins, 2006; Placinta et al., 1999). 
It is highly challenging to control FHB due to poor understanding of the mechanisms of 
plant resistance and lack of available Mendelian resistance genes (Boyd et al., 2010). 
Resistance from exotic landraces has proven to be difficult to incorporate and, as such, 
no approved resistant cultivars exist (Geddes et al., 2008; Jordahl et al., 2010). 
Additionally, resistance to FHB is difficult to evaluate due to low-heritability traits 
which are strongly influenced by environmental conditions. These cause difficulties in 
the development of efficient management tactics and recommendations. 
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Trichothecenes produced by various species of Fusarium are increasingly 
contaminating cereal crops worldwide. Thus, improving FHB resistance remains a high 
priority in wheat and barley breeding programs throughout the world (Dill-Macky et al., 
2009). Agronomic and crop management strategies aiming to control FHB include: 
foliar fungicide application, crop rotation, and tillage practices; however these are 
generally not highly effective (Martin et al., 1991; McMullen M. et al., 1997; Parry et 
al., 1995). At present, FHB is managed primarily through a combined approach of 
moderately resistance cultivars and a triazole fungicide application. While not 
completely effective, fungicides usually reduce both disease and DON (Jordahl et al., 
2010; Ransom et al., 2010). The application of fungicide is most effective if sprayed 
prior to infection. However, when conditions for disease development are favourable, 
infection and DON contamination cannot be avoided, even when integrated 
management practices are implemented. Recent research work is focused on the 
identification of plant genes which enhance trichothecene resistance and ultimately, 
FHB resistance in barley. Moreover, efforts to develop transgenic barley carrying these 
genes are ongoing (Boyd et al., 2010; Sallam et al., 2010). 
2.3.4. Cereal industry 
Post-harvest decontamination methods to improve the microbiological safety of cereals 
include heat, ozone, and irradiation based methodologies. Prior to milling kernels are 
cleaned using screens, air currents, brushes, and magnets, which reduce the total 
microbial load to about 1 log (Laca et al., 2006; Rose et al., 2012) as well as decreasing 
other foreign objects. Also, proper cleaning and milling processing can reduce the 
mycotoxin load (Cui et al., 2012). However, after this stage, further microbial 
elimination steps are limited due to potential concurrent product quality deterioration. 
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Common methods include dry heat and steam applications; irradiation; non-ionizing 
radiation-like microwave; and radio frequency treatments, as well as newer processes, 
such as pulsed electric field and high pressure processing. Post-processing 
contamination can also occur during milling, packaging, shipping, or receiving. Good 
manufacturing practices (GMP) with an environmental monitoring plan (EMP) 
associated to risk zones are commonly used to assess the potential for finished product 
contaminations (Akins-Lewenthal, 2012; Rose et al., 2012). 
Microbial contaminants are found mostly on the grain surface, although, after cleaning, 
flour can still retain unsafe contaminants from the field or pre-/post-harvest stages. Even 
if microbiological properties of flour do not support growth of pathogens, several 
studies have reported the presence of contaminants in flour, such as Penicillium spp., 
Aspergillus spp., Bacillus cereus, Clostridium botulinum, Escherichia coli, and 
Salmonella (Deibel and Swanson, 2001; Eglezos, 2010; Lyon and Newton, 1997). 
Common methodologies to minimize fungal spoilage in cereal-based products, such as 
bakery products, include: modified atmosphere packaging; irradiation; pasteurization; or 
addition of preservatives, such as propionic, sorbic, benzoic acids and their salts 
(Bouslimi et al., 2008; Eskola et al., 2001). 
While most processed foods undergo inactivation steps, some cereal food products (like 
cake mixes, brownie mixes and refrigerated prebaked dough) require consumers to 
perform the baking step. Other products like cold-pressed cereal bars may not be cooked 
or baked (Rose et al., 2012). This represents a health hazard if the products are not 
microbiologically stable, as spoilage/pathogenic microorganisms can survive in a 
dormant state for extended periods in dry flour (Eglezos, 2010) causing food poisoning 
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(Magan and Aldred, 2007). Additionally, cereal foods are also susceptible to 
environmental contaminations. 
Vaclavikova et al. (2012) studied the fate of one of the emergent mycotoxin groups, 
ENNs, after malting, brewing, milling and baking, using barley and wheat. The authors 
found that these mycotoxins deferred, not only in physicochemical properties, but also 
in their incorporation and distribution within infected cereal grains. After milling wheat 
grains, 40% of the ENNs mycotoxins remained in the final wheat flour, with the highest 
concentration detected in the bran. After baking, ENNs were still detected in the final 
bread. By malting, there was a 30% remaining mycotoxins in barley. These mycotoxins 
were also detected in the spent brewing by-product, which should be taken into 
consideration when using for food/feed applications.  
In another study, cereal-based products (bakery products, breakfast cereals, and snacks) 
from the Czech market were analysed for mycotoxins and tricothecenes B and four 
ENNs (A, A1, B and B1) were detected (Malachova et al., 2011). At least one ENN was 
present in all of the 160 examined samples, and trichothecenes A and B and ENNs were 
found in all breakfast cereals tested. DON was frequently detected alone with its 
derivate DON-3-β-D-glucoside and ENNs, whereas NIV was rarely detected.  
During malting, the accumulation of mycotoxins may render the malt useless for grist 
and other food/feed products. The European Union has regulations with stringent limits 
for mycotoxin levels of less than 750 ppb (DON) and 75 ppb (ZEA), in cereal flour 
used. Table 3 shows the European Commission maximum limits for commonly detected 
mycotoxins in cereal-based products, and examples of detected mycotoxin levels in 
cereal-based food products from the market.  
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Malting is a simple process in which a complex ecosystem evolves due to the 
favourable moisture and temperature conditions. This allows contaminating 
microorganisms to thrive and potentially influence negatively the malt quality (Laitila, 
2007; Laitila et al., 2007; Noots et al., 1999; Raulio et al., 2009; Wolf-Hall, 2007). 
Soaking barley during steeping promotes the microbial biota and biofilm formation 
(Laitila et al., 2011; Raulio et al., 2009). During the malting process, significant 
increases in mycotoxin levels can occur (Oliveira et al., 2012b; Vegi et al., 2011). 
Microbiota competes with grain metabolism for oxygen, therefore reducing grain 
germination (Doran and Briggs, 1993; Noots et al., 1999). Several Fusarium species 
were shown to proliferate from steeping through germination until early stages of 
kilning (Oliveira et al., 2012b; Sarlin et al., 2005; Vegi et al., 2011). Fusarium mould 
depletes grain nutrients, such as starch and protein (Fig. 1), and colonizes its interior by 
hydrolyzing exo-proteolytic and cellulolytic enzymes (Kang and Buchenauer, 2000; 
Oliveira et al., 2012b; Oliveira et al., 2013), which results in significant malting losses 
(Oliveira et al., 2012b). 
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Table 3. Mycotoxin levels detected in cereal-base food products available in the food market with the respective European Commission 
maximum permitted levels. 
Mycotoxin Purpose of use EU maximum 
permitted level 
(µg.kg
-1
) 
Food product Maximum  
detected  
level (µg.kg
-1
) 
References 
Aflatoxin B1 Cereals and processed cereals for direct 
human consumption 
2 Rice 
Snacks 
34.1 
23 
(Makun et al., 2011b) 
(Rubert et al., 2013a) 
 Cereal based food for infants/children 0.10 Infant cereals 3.11 (Hernández-Martínez and 
Navarro-Blasco, 2010) 
Deoxynivalenol 
(DON) 
Processed cereals for direct human 
consumption 
500 Breakfast cereals 
Pale beer 
Wheat flour 
468 
89 
976 
(Montes et al., 2012) 
(Varga et al., 2013) 
(Škrbić et al., 2012) 
 Cereal based food for infants/children 200 Porridge 87 (Pieters et al., 2004) 
Enniatins (ENNs)  Not available Pasta 106 (Juan et al., 2012) 
   Multicereal baby food 1100  
   Breakfast cereals 941 (Malachova et al., 2011) 
   Flours 2532  
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Fumonisins Maize-based breakfast cereals/snacks 800 Corn meal 
Corn flakes 
8039 
204.7 (FB1) + 199.9 
(FB2) 
(de Castro et al., 2004) 
(Rubert et al., 2013b) 
 Maize-based food for infants/children 200 Instant corn-base 
Infant cereal 
1096 
1753 
(de Castro et al., 2004) 
 
Nivalenol (NIV)  Not available Breakfast cereals 31 (Malachova et al., 2011) 
   Breakfast cereals 
Instant-drink powder 
Bread 
56.7 
79 
169 
(Montes et al., 2012) 
(Jestoi et al., 2004) 
(Schollenberger et al., 1999) 
Ochratoxin A (OTA) Cereals for direct human consumption 3 Rice 
Wheat 
188.2 
2.56 
(Makun et al., 2011b) 
(Salem and Ahmad, 2010) 
 Cereal based food for infants/children 0.50 Rice-based baby food 0.20 (Ozden et al., 2012) 
T-2 and HT-2 Cereals (except oat) 100 Barley grains 
Malting barley 
Pasta 
133.2 
40 (T-2) + 47 (HT-2)  
259.6 (T-2) 
(Mankevičienė et al., 2011) 
(Barthel et al., 2012) 
(González-Osnaya et al., 2011) 
 Cereal products derived from oat 200 Oat flakes 159 (Pettersson et al., 2011) 
 Maize-based food for infants/children 50 Cereal-based food 12 (HT-2) (Schollenberger et al., 1999) 
Zearalenone (ZEA) Processed cereals for direct human 50 Rice 8.8 (Makun et al., 2011b) 
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consumption Corn snacks 
Sliced bread 
Wheat-base breakfast 
22.8 
20.9 
38.6 
(Cano-Sancho et al., 2012) 
 
(Ibáñez-Vea et al., 2011) 
 Cereal based food for infants/children 20 Market baby food 5.4 (Cano-Sancho et al., 2012) 
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Scabby kernels are associated with primary gushing in cereal-based beverages, 
including beer (Ruiz et al., 2011b). Primary gushing is the sudden overfoaming on 
opening a cereal-based beverage package that results from fungal infections in the 
cereal grains (Ruiz et al., 2011b; Sarlin et al., 2005; Shokribousjein et al., 2011). The 
fungi produce small polypeptide molecules with high hydrophobicity (hydrophobins) 
that originates nucleation centres and growth of bubbles (Ruiz et al., 2011a; 
Shokribousjein et al., 2011). Fusarium infections are some of the most problematic and 
are directly correlated with an increased propensity to produce gushing inducing factors 
(Haikara, 1983; Sarlin et al., 2007; Tammer et al., 2007). 
Over the last 10 years, barley and beer contributed with 24% and 8%, of total DON 
dietary intake in the world, respectively. These amounts have been shown to be region 
dependent (JECFA, 2010). Infected malt grains (Fig. 1) have a significant impact on 
wort and beer quality attributes (Oliveira et al., 2012a). Malt infected with Fusarium 
mould cause premature yeast flocculation, an increased beverage staling character, and 
mycotoxins accumulation in beer (Oliveira et al., 2012a). 
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Figure 1. A. Visual aspect of uninfected barley malt grains (1), with a transversal cut, 
using scanning electron microscope representation (A2); and zoomed (A3), showing an 
organized ultrastructure. B. Visual aspect of infected barley malt grains (1), with a 
transversal cut, using scanning electron microscope representation (A2); and zoomed 
(A3), showing overgrowth fungal mycelia and a damaged ultrastructure. 
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2.4. Bioprotection 
2.4.1. Fermentation 
Earliest records of fermented cereal products appear in the Fertile Crescent (Middle 
East) dating 6000 BC. Fermentation is a simple and economical way to improve the 
nutritional value, microbial safety, sensory properties and functional qualities of food. 
Several indigenous cereal fermented foods and beverages produced worldwide include 
those which are rice-based (Idli, Dosa, Dhokla); wheat-based (soy sauce, Kishk, 
Tarhana); maize-based (Ogi, Kenkey, Pozol); sorghum-based (Ingera, Kiska), as well as 
fermented beverages (beers, sake, Bouza, Bushera, Togwa, Chicha, Mahewu, Boza) 
(Blandino et al., 2003; Prado et al., 2008). 
The fermentation microbiota can be indigenous (autochthonous) or instead added as 
starter cultures (allochthonous). The fermentation process can be driven by bacteria 
belonging to the genera Leuconostoc, Lactobacillus, Streptococcus, Pediococus, 
Micrococcus, and Bacillus, in addition to fungi belonging to the genera Aspergillus, 
Paecilomyces, Cladosporium, Fusarium, Penicillium, and Trichothecium, and common 
yeasts such as Saccharomyces (Blandino et al., 2003). 
2.4.2. Lactic acid bacteria (LAB) 
The bioprotective potential of lactic acid bacteria (LAB) has been studied since Louis 
Pasteur (in 1857) first described the lactic acid fermentation and Lister (in 1873) 
developed the first pure bacterial culture (“Bacterium lactis,” Syn.: Lactococcus lactis).  
LAB are classified as Gram-positive microorganisms which include low GC content as 
well as being acid tolerant, non-motile, non-spore forming and are rod- or coccus-
shaped. LAB ferment carbohydrates to produce various end-products and include 
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homofermenters: Enterococcus, Pediococcus, Streptococcus, Lactococcus, 
Streptococcus and some Lactobacillus spp. that produce lactic acid as a major end 
product; as well as heterofermenters such as: Weissella, Leuconostoc and some 
Lactobacillus that produce equimolar amounts of lactic acid, CO2 and ethanol. Some 
strains of Lactobacillus and Streptococcus can also convert complex sugars (starch) into 
lactic acid. LAB are microaerophilic and their growth is strictly dependent on the sugars 
available. They have complex metabolic requirements including amino acids, vitamins, 
purines, and pyrimidines (Collins et al., 2010; Reis et al., 2012; Valdez et al., 2010). 
Most plant surfaces in nature are occupied by lactic acid producing microbiota with a 
tendency for Lactobacillus species to become predominant in the fermentation, likely to 
be due to its acid tolerance (Rathore et al., 2012). 
LAB have received the GRAS (USA) and the QPS (EU) status, although some species 
of Enterococcus and Streptococcus are pathogenic in nature (Collins et al., 2010). 
Nevertheless, the use of LAB in foods is not regulated by harmonized legislation of the 
EU level (except in Denmark and France) with regards to their use as starter cultures or 
as protective culture or food supplements (Franz et al., 2010).  
LAB have a profund impact on the food industry. It is estimated that over 3400 tonnes 
of pure LAB cells are consumed every year in Europe alone (Franz et al., 2010). Lactic 
acid fermentation is considered a simple and safe biotechnology to keep and/or enhance 
the properties of food. Cereal-based lactic acid fermentations are long-established 
methods for the production of beverages, gruels, and porridge to improve their 
nutritional value and digestibility (Kalui et al., 2012).  
LAB represents the microbial group most commonly used as protective cultures 
(Gaggia et al., 2011). These microorganisms enjoy such widespread popularity and 
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acceptance as they play an important role in the manufacture and storage processes by 
enhancing the shelf-life, microbial safety, texture, sensory characteristics, nutritional 
value, and overall quality of the fermented products offering beneficial health outcomes 
to consumers (Di Cagno et al., 2012; Pawlowska et al., 2012; Peres et al., 2012; Ravyts 
et al., 2012; Vignolo et al., 2012). Additionally, limitations in chemical preservatives 
and their acceptance give an advantage to LAB-based biopreservatives (Pawlowska et 
al., 2012; Schnürer and Magnusson, 2005). 
Biological preservation refers to the food’s shelf-life extension and improvement of 
their microbial safety by inoculating protective cultures in the food matrix (in situ 
production of antimicrobial compounds), or incorporation of purified microbial 
metabolites (Gaggia et al., 2011).  
LAB antimicrobial activity is primarily attributed to a wide variety of active 
antagonistic metabolites that include: organic acids (lactic, acetic, formic, propionic, 
butyric, hydroxyl-phenyllactic, and phenyllactic (PLA) acids), or antagonistic 
compounds (carbon dioxide, ethanol, hydrogen peroxide, fatty acids, acetoin, diacetyl, 
antifungal compounds (propionate, phenyl-lactate, hydroxyphenyl-lactate, cyclic 
dipeptides and 3-hydroxy fatty acids, PLA), bacteriocins (nisin, reuterin, reutericyclin, 
pediocin, lacticin, enterocin, etc.)), or bacteriocin-like inhibitory substances (Muhialdin 
et al., 2011a; Reis et al., 2012; Schnürer and Magnusson, 2005). The production of 
organic acids reduces the pH to below 4.0 which counteracts the growth of spoilage 
organisms present in cereals (Schnürer and Magnusson, 2005). Generally, inhibitory 
compounds are LAB secondary metabolites which are produced after 48 h of 
fermentation (Rouse et al., 2008). Even so, following LAB stationary phase, there’s a 
possibility of cell lyses to contribute to fungal toxicity. Other mechanisms that might 
explain the inhibitory effect of LAB on fungal infections are the competition of LAB 
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for nutrients, space and exclusion of the pathogen from entry sites in the matrix, and 
alteration of spore membrane, viscosity and permeability. In addition, the LAB growth 
range and antifungal spectrum is wide, thus allowing a broad application in food under 
different conditions (Pawlowska et al., 2012). 
LAB are found in many different types of habitats, and exhibit a broad and complex 
antifungal activity spectrum (Table 4) (Magnusson and Schnürer, 2001; Magnusson et 
al., 2003). Antifungal LAB have been isolated from cereal grains, flours, sourdoughs 
(Valdez et al., 2010; Wakil and Osamwonyi, 2012), as well as fruit and vegetables. In 
addition to the studies reported in Table 4, also, one strain of Pediococcus acidilactici, 
Lactobacillus delbrueckii, Lactobacillus rhamnosus, Lactobacillus arizonensis, 
Lactobacillus alimentarius, Lactobacillus rossiae, Leuconostoc mesenteroides, and 
Pediococcus parvulus were found to express antifungal activity (Florianowicz, 2001; 
Guo et al., 2011; Lavermicocca et al., 2000; Magnusson et al., 2003; Mandal et al., 
2007; Stiles et al., 2002; Valerio et al., 2009). LAB cultures screened and isolated from 
several sources have shown promising antifungal potential in vitro (De Muynck et al., 
2004; Florianowicz, 2001; Gerez et al., 2012; Guo et al., 2011; Magnusson et al., 2003; 
Mauch et al., 2010; Valerio et al., 2009) and in situ (Garcha and Natt, 2012; Lan et al., 
2012; Rouse et al., 2008; Trias et al., 2008). The antifungal and detoxification potential 
of LAB has been reviewed by Dalié et al. (2010). LAB are known to inhibit spoilage 
microorganisms and mycotoxigenic fungal growth because of their acidification and a 
complex production of low molecular weight compounds during fermentation (Table 4). 
Several antifungal compounds have been fully or partially characterized (Brosnan et al., 
2012; Lavermicocca et al., 2000; Sjögren et al., 2003; Ström et al., 2002; Yang and 
Chang, 2010). Brosnan et al. (2012) detected 16 antifungal compounds, including five 
with significantly higher concentrations (Table 4) from Lactobacillus amylovorus 
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DSM19280 fermented for 48 h in synthetic media. Organic acids have been shown to be 
antifungal in several studies (Table 4). Lactic acid is the major LAB metabolite, and 
other acids like acetic, propionic, formic, benzoic, and PLA acids, are also produced. 
Organic acids diffuse through the membrane of the fungi and subsequently dissociate, 
thereby releasing hydrogen ions and causing a pH drop. Additionally, organic acids 
increase the plasma membrane permeability and neutralize the electrochemical proton 
gradient, thus killing the microorganism. The production of organic acids alone does not 
explain the antifungal activity and the synergistic effect of antifungal compounds still 
remains unclear. Several studies assume some kind of positive interaction, although this 
has not been proven for many metabolites (Ström et al., 2002). PLA (MIC: 50 mg.mL
-1
) 
has been the subject of many LAB antifungal trials (Table 4) as well as proteinaceous 
compounds with low molecular weights (especially 2,5-diketopiperazines (cyclic 
dipeptides)) (Broberg et al., 2007; Ryan et al., 2009b). Specific examples of cyclic 
dipeptides isolated from LAB broth include: cyclo(Gly-Leu), cyclo(Phe-Pro), 
cyclo(Phe-OH-Pro), and cyclo(Leu-Leu). Ryan et al. (2009b) presents an extensive list 
of antifungal cyclic dipeptides with confirmation that heat and acidification are 
initiators of 2,5-diketopiperazines formation. Also, to a lesser extent, phenolic 
compounds and hydroxy fatty acids (MIC: 10/100 µg.mL
-1
) have shown potential 
antifungal activity. Hydrogen peroxide (MIC: 0.025%), in the presence of oxygen, 
exhibits antifungal activity with oxidizing potential on the fungal membrane and 
proteins. Reuterin can be anaerobically produced from glycerol in starving cells and 
subsequently inhibit the fungal growth.  
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Table 4. Antifungal lactic acid bacteria, their source, antifungal compounds, and spectral inhibitory activity, over the last 10 years. 
LAB species  
(number of strains) 
Source Antifungal compounds Mould and yeast activity 
spectrum 
Reference 
Lactobacillus 
acidophilus (4) 
Chicken intestine, 
ensilage 
Organic acids Aspergillus sp., Fusarium sp., Alternaria 
alternata, Penicillium sp. 
(De Muynck et al., 2004; Garcha and 
Natt, 2012; Gerez et al., 2012; 
Magnusson et al., 2003) 
Lactobacillus 
amylovorus (2) 
Gluten-free 
sourdough 
DL-ρ-Hydroxyphenyllactic acid, 
(S)-(-)-2-Hydroxyisocaproic acid, 
PLA, 3-Hydroxydecanoic acid, 2-
Hydroxydodecanoic acid, 
3-phenylpropanoic acid, p-
coumaric, (E)-2-methylcinnamic 
acid, 3-phenyllactic acid, 3-(4-
hydroxyphenyl)lactic acid, lactic 
acid, acetic acid, D-glucuronic acid, 
salicyclic acid 
Penicillium paneum, Cerinosterus sp., 
Cladosporium sp., Rhizopus oryzae, 
Endomyces fibuliger, Aspergillus sp., 
Fusarium culmorum 
(Belz et al., 2012a; De Muynck et al., 
2004; Ryan et al., 2011) 
Lactobacillus 
brevis (8) 
Brewing barley, 
sourdough 
Proteinaceous, organic acids Aspergillus flavus, Fusarium culmorum, 
Penicillium sp., Rhizopus oryzae, Eurotium 
repens, Trichophyton tonsurans  
(De Muynck et al., 2004; Gerez et al., 
2009; Guo et al., 2011; Mauch et al., 
2010) 
Lactobacillus casei 
(12) 
Dairy products, 
cheese 
ND
a
 Penicillium sp., Trichophyton tonsurans, 
Aspergillus niger, Fusarium graminearum 
(Florianowicz, 2001; Gerez et al., 2012; 
Guo et al., 2011) 
Lactobacillus 
coryniformis (17) 
Grass silage, flowers, 
sourdough 
cyclo(L-Phe-L-Pro), cyclo(L-Phe-
trans-4-OH-L-Pro), PLA, 
proteinaceous (3 kDa) 
Aspergillus sp., Penicillium paneum, 
Cladosporium sp., Cerinosterus sp., 
Fusarium sp., Rhodotorula sp., Mucor 
(De Muynck et al., 2004; Magnusson 
and Schnürer, 2001; Magnusson et al., 
2003; Ström et al., 2002) 
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hiemalis, Talaromyces flavus, 
Debaromyces sp., Kluyveromyces sp. 
Lactobacillus 
fermentum (2) 
Fermented food, dairy 
products 
Proteinaceous (< 10 kDa) Aspergillus niger, Penicillium sp., 
Fusarium graminearum 
(Gerez et al., 2012; Muhialdin et al., 
2011b) 
Lactobacillus 
paracasei (2) 
Cheese, kefir Proteinaceous (43 kDa)  Fusarium sp.,  Saccharomyces cerevisiae, 
Candida sp. 
(Atanassova et al., 2003; Franco et al., 
2011) 
Lactobacillus 
paracollinoides (2) 
Fresh vegetables ND
a
 F. graminearum, Rhizopus stolonifer, 
Sclerotium oryzae, Rhizoctonia solani, 
Botrytis cinerea, Sclerotinia minor 
(Sathe et al., 2007) 
Lactobacillus 
pentosus (2) 
Sourdough, 
fermented food 
ND
a
 Fusarium sp., Aspergillus sp. (Franco et al., 2011; Muhialdin et al., 
2011b) 
Lactobacillus 
plantarum (30) 
Flowers, sourdough, 
grass silage,  
sorghum, wheat, 
dairy products, 
sausages, wheat 
semolina, kimchi 
(Korean pickles), 
malted barley, fresh 
vegetables 
Organic acids, PLA, 4-
hydroxyphenyllactic acid, cyclo(L-
Phe-L-Pro), cyclo(L-Phe-trans-4-
OH-L-Pro), 3-phenyllactic acid, 
proteinaceous, ethanol, ethyl 
acetate, 3-hydroxy fatty acids, 
cyclo(Leu-Leu), cyclo(L-Leu-L-Pro)  
Penicillium sp., Monilia sp., Aspergillus 
sp., Fusarium sp., Eurotium sp., 
Talaromyces sp., Epicoccum sp., 
Cladosporium sp., Rhizopus stolonifer, 
Sclerotium oryzae, Rhizoctonia solani, 
Botrytis cinerea, Sclerotinia minor, 
Endomyces fibuliger, Rhodotorula sp., 
Candida albicans, Debaryomyces hansenii, 
Kluyveromyces marxians, Saccharomyces 
sp., Phichia sp. 
(Coda et al., 2011; Dal Bello et al., 2007; 
De Muynck et al., 2004; Franco et al., 
2011; Gerez et al., 2012; Gerez et al., 
2009; Lavermicocca et al., 2000; 
Magnusson and Schnürer, 2001; 
Magnusson et al., 2003; Rouse et al., 
2008; Sathe et al., 2007; Sjögren et al., 
2003; Ström et al., 2002; Valerio et al., 
2009; Yang and Chang, 2008; Yang and 
Chang, 2010) 
Lactobacillus 
reuteri (3) 
Sourdough, porcine 
and murine gut 
Acetic acid, PLA, organic acids Penicillium sp., Trichophyton tonsurans, 
Fusarium graminearum, Aspergillus niger 
(Gerez et al., 2012; Gerez et al., 2009; 
Guo et al., 2011) 
Lactobacillus sakei 
(2) 
Dandelion flour and 
leaves 
ND
a
 A. fumigatus, F. sporotrichioides (Magnusson et al., 2003) 
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Lactobacillus 
salivarius (2) 
Chicken intestine ND
a
 A. nidulans, F. sporotrichioides, P. 
commune 
(Magnusson et al., 2003) 
Lactococcus lactis 
(4) 
Sourdough, wheat 
semolina 
ND
a
 Penicillium sp., Eurotium sp., Monilia sp., 
Aspergillus sp., Endomyces fibuliger 
(Florianowicz, 2001; Lavermicocca et 
al., 2000; Valerio et al., 2009) 
Leuconostoc 
citreum (2) 
Sourdough, wheat 
semolina 
ND
a
 Aspergillus niger, Eurotium sp., 
Penicillium roqueforti, Monilia sp., 
Endomyces fibuliger 
(Lavermicocca et al., 2000; Valerio et 
al., 2009) 
Pediococcus 
pentosaceus (19) 
Sorghum, fermented 
food, fresh 
vegetables, malted 
cereals 
Proteinaceous, possibly cyclic acids Penicillium sp., Aspergillus sp., Fusarium 
sp., Rhizopus stolonifer, Sclerotium oryzae, 
Rhizoctonia solani, Botrytis cinerea, 
Sclerotinia minor, Rhodotorula sp. 
(Magnusson et al., 2003; Muhialdin et 
al., 2011b; Rouse et al., 2008; Sathe et 
al., 2007) 
Weissella cibaria 
(16) 
Brewing barley, 
sorghum, wheat 
semolina, fermented 
wax gourd, fruit and 
vegetables 
Proteinaceous, organic acids Fusarium culmorum, Penicillium sp., 
Aspergillus sp., Rhodotorula sp., 
Endomyces fibuliger 
(Lan et al., 2012; Mauch et al., 2010; 
Rouse et al., 2008; Trias et al., 2008; 
Valerio et al., 2009) 
Weissella confusa 
(2) 
 Sorghum, wheat 
semolina 
Proteinaceous, organic acids Penicillium sp., Aspergillus nidulans, 
Rhodotorula sp., Endomyces fibuliger 
(Rouse et al., 2008; Valerio et al., 2009) 
Weissella 
paramesenteroides 
(8) 
Fermented wax gourd Organic acids Penicillium sp., Fusarium graminearum, 
Rhizopus stolonifer, Sclerotium oryzae, 
Rhizoctonia solani, Botrytis cinerea, 
Sclerotinia minor 
(Lan et al., 2012; Sathe et al., 2007) 
a
ND is not determined.
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The LAB-fungal interactions tend to be complex in nature and this, combined with 
matrix intricacies, provide the hurdle relating to study and isolation of certain antifungal 
compounds (Schnürer and Magnusson, 2005). The antifungal activity of LAB depends 
on the growth media; the incubation temperature and time; the pH; the nutritional 
factors; the antifungal substance and production levels; the mode of action, and the MIC 
(Dalié et al., 2010; Muhialdin et al., 2011b). Sodium acetate present in synthetic media, 
was seen to have inhibitory synergetic effects on fungal growth (Stiles et al., 2002). 
Previous studies have reported the thermostable antifungal activity of LAB, such as: 
Lactobacillus coryniformis, Lactobacillus citreum, Lactobacillus mesenteroides, 
Lactobacillus plantarum, Lactobacillus rossiae, Lactobacillus pentosus, and 
Lactobacillus fermentum (Magnusson and Schnürer, 2001; Muhialdin et al., 2011b; 
Okkers et al., 1999; Valerio et al., 2009; Yang and Chang, 2008). 
2.4.2.1. LAB in plant protection 
Annual fungal-associated crop losses in the US alone exceed $1 billion per year. These 
diseases, such as FHB, are difficult to control as they rapidly decimate cereal crops in a 
brief period, during flowering, and under certain environmental conditions, without 
farming control. There are many ways to manage plant diseases including: genetics, 
crop rotation, tilling fields, and biological control which involves the use of antifungal 
microorganisms (Hell and Mutegi, 2011). It is estimated that the agricultural chemical 
industry produces over 45,000 different artificial pesticides/fertilizers worldwide. Even 
if chemicals show attractive applications in crop protection (Lamberth, 2009), they 
acidify the soil, and thus decrease beneficial organism populations and interfere with 
plant growth. The pressure to reduce the use of insecticides, fungicides and herbicides 
paves the way for agricultural systems with greater levels of sustainability (Chandler et 
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al., 2008). Very few biological controls are available, and permitted chemical disease 
management products (e.g. copper, elemental sulphur, vinegar, silica) have a high risk 
of phytotoxicity, often with a very small margin of error (MAFRI, 2012). However, 
effective, ecological disease management programs require a high level of knowledge 
and management.  
In Western countries, agricultural practices lie between sustainable (permaculture or 
organic), and intensive (industrial) farming approaches. Organic farming tends to 
produce lower crop yields than conventional agriculture, however, it has many 
advantages in terms of its emphasis on renewable resources, ecology, and biodiversity 
(Chandler et al., 2008). Furthermore, organic farming aims to reduce mould (and 
mycotoxins) present in the field (Bernhoft et al., 2012; Tsitsigiannis et al., 2012), 
though this is an arguable subject matter, as previously discussed in section 2.3.2. 
Microorganisms that control plant diseases operate through one or more mechanisms 
including the production of antimicrobial compounds, direct antagonism of pathogens, 
competition with pathogens for space and nutrients and the induction of host resistance 
to disease (Compant et al., 2005).  Microbial interactions and cooperation in the 
rhizosphere can contribute to plant crop biocontrol (Barea et al., 2005; Whipps, 2001).  
LAB show great potential to be applied in plant protection programs, and although 
explored to a lesser extent, it has been shown that LAB can have critical effects on 
fungal pathogenicity (Frey-Klett et al., 2011). LAB acidification can reduce the post-
harvest decay caused by pathogens (Prusky et al., 2006) and inhibit the production of 
mycotoxins (Tsitsigiannis et al., 2012). A useful LAB application concept for plant 
protection has been developed as a product called EM (Effective microorganisms) (Higa 
and Parr, 1994). Spraying diluted solutions of LAB onto the plant and soil are 
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hypothesized to assist plant health and growth. EM is an example of a naturally 
fermented microbial cocktail using microorganisms which include lactic acid bacteria, 
yeast, and phototrophic bacteria. These are neither harmful, nor pathogenic or 
genetically engineered/modified. Species used in products, such as EM, are often 
dominated by photosynthetic bacteria, lactic acid bacteria, and yeasts: Bacillus subtilis, 
Bifidobacterium animalis, Bifidobacterium bifidum, Bifidobacterium longum, 
Lactobacillus acidophilus, Lactobacillus buchneri, Lactobacillus bulgaricus, 
Lactobacillus casei, L. delbrueckii, L. fermentum, L. plantarum, Lc. diacetylactis, Lc. 
lactis, Rhodopseudomonas palustris, R. sphaeroides, Saccharomyces cerevisiae, and 
Streptococcus thermophilus (Capriotti et al., 2012; EM, 2009; García-Cela et al., 2012). 
A coculture has the advantage of providing different metabolites. EM represents a low-
cost microbial technology which, when optimized for a specific geographical and 
ecosystem, can be beneficial in agriculture (Ya and Partap, 1996). Its application in the 
field promotes crop growth and yields, increase photosynthesis, increase plant disease’s 
resistance, promotes soil and crop detoxification, improves water treatment, suppresses 
soil borne pathogens, promotes the growth of naturally occurring beneficial microbes in 
agricultural environment; improves composting, and improve the technological 
recycling of all kind of materials (Asam and Rychlik, 2013; Capriotti et al., 2012; EC, 
2003; García-Cela et al., 2012; Sherif et al., 2009). EM can be applied at the different 
plant growth stages with specific dosages to counteract specific fungal infections. This 
kind of approaches can be used as an alternative to agricultural chemicals, as a 
processing tool to manufacture organic fertilizers, to improve soil's microbiota, and 
promote a healthy environment for plants (EM, 2009; Gourlay, 2012; Serrano et al., 
2012; Sobrova et al., 2010). Nonetheless, effective applications in the field still need 
further optimization (Leblanc et al., 2005). 
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One of the major beneficial indigenous microorganisms used in natural farming are 
Lactobacillus. When applied to the soil or the leaves, LAB aid in the composition 
process, thus allowing more food to be assimilated by the plant. LAB producing 
enzymes and natural antibiotics also helps effective digestion with antibacterial 
properties, including control of microbial pathogens (e.g. Salmonella or E. coli) 
(Carandang, 2006). Some LAB strains inhibit more than one phytopathogen, which is 
an advantage when managing a wide range of plant protection. 
Biocontrol agents have been investigated as control agents for cereal diseases caused by 
Fusarium species, including FHB (Khan and Doohan, 2009; Khan et al., 2006). The 
application of microbial starter cultures in the field by spray has proven to be efficient 
in reducing Fusarium contamination, decrease water sensitivity with increases in 
extract, FAN and alpha-amylase activity (Lowe and Arendt, 2004; Reinikainen et al., 
1999). 
LAB is also used to preserve cereal and grass silage inhibiting detrimental bacteria and 
fungi (Broberg et al., 2007; Kung Jr and Ranjit, 2001), and feed biopreservation (Melin 
et al., 2007). Broberg et al. (2007) found several antifungal metabolites present in silage 
including lactic acid, 2,3-butanediol, 3-hydrohydecanoic acid, 3-phenyllactic acid, 
which were already seen to be produced by LAB. LAB enhanced the production of 
hydrocinnamic acids and cinnamic acids. The compounds azeleic acid and (trans,trans)-
3,4-dihydroxycyclohexane-1-carboxylic acid were dependent of LAB presence. 
Diketopiperazines were also present in both inoculated and non-inoculated silage with 
LAB. It was proposed by the authors that LAB strains in grass silage might promote the 
production of antifungal substances. 
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Several microorganisms have been subject of study in bioprotection of cereal plants (de 
Souza et al., 2012; Santoyo et al., 2012; Turan et al., 2012). Even if belonging to species 
other than LAB, the antifungal potential can be attributed to the production of 
antifungal substances such as organic acids and peptides (Wang et al., 2012). Symbiosis 
is common in nature; therefore, it is worth exploring the potential of endophytes in 
cereal disease suppression (O’Hanlon et al., 2012; Rodriguez et al., 2009). Also, the 
plant natural resistance elicitors, such as β-amino butyric acid (BABA), 
benzothiadiazole (BTH), 2,6-dichloroisonicotinic acid (INA), and methyl jasmonate 
(MeJA), have interesting potential to neutralize fungal infections (Lyon and Newton, 
1997; Small et al., 2012). Resistance elicitors can be inoculated into crops to induce a 
faster response against phytopathogenic microorganisms and thus, contribute in favour 
of disease resistance (Lyon and Newton, 1997; Small et al., 2012). 
2.4.2.2. LAB in malting 
The application of antimicrobial LAB during malting and brewing can be successfully 
applied as a hurdle to spoilage microorganism growth (Rouse and van Sinderen, 2008; 
Wolf-Hall, 2007). LAB with an antifungal bioprotective capacity can be applied in the 
early stages of malting or during wort production, for bioacidification purposes (Lowe 
and Arendt, 2004; Rouse and van Sinderen, 2008; Vaughan et al., 2005). LAB can act 
as food-grade biocontrol agents contributing with beneficial effects to malting like the 
production of antimicrobials, hydrolytic enzymes and hormones, thus improving malt 
modification (Laitila, 2007; Laitila et al., 2011).  
Malt is a product of industrial relevance with a growing market outlet, where the 
majority is used in the brewing and distillation industry. LAB is present in grains (≥ 108 
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CFU.g
-1
) during steeping. Leuconostoc species and Lactobacillus tend to dominate 
during steeping and germination, respectively (Booysen et al., 2002; Justé et al., 2011). 
Several LAB species including Streptococcus alactolyticus, Lactobacillus 
sanfranciscensis, Lactobacillus salivarius, Lactobacillus reuteri, and Weissella 
paramesenteroides, have been shown to substantially reduce F. culmorum 
contamination in malt (Liske et al., 2000). L. plantarum and P. pentosaceus (10
7
 CFU.g
-
1
) were added as starter cultures in barley grain steeping water (Haikara, 1995; Laitila et 
al., 2006), increasing the lactic acid production, and thereby inhibiting the growth of 
spoilage bacteria and Fusarium fungi. Weissella confusa FST 1.31, L. plantarum TMW 
1.460, and L. amylovorus FST 1.1 also showed promise as a Fusarium spore 
proliferation inhibitor (Lowe et al., 2006). Furthermore, Laitila et al. (2002) used cell-
free extract of L. plantarum species (E76 and E98) to inhibit Fusarium mould 
metabolism. Fusarium proliferation was successfully restricted during malting of 
naturally infected two-row barley grains, applying L. plantarum E76 cell-free-extract in 
steeping water (Laitila et al., 2002). 
In addition to the inhibition of mould growth, LAB can have an active role in 
detoxifying infected grains. LAB-mediated detoxification in grains is through absorbing 
mycotoxins by the bacterial cell structure or metabolic biodegradation (Dalié et al., 
2010). This topic was reviewed by Shetty and Jespersen (2006). The authors showed 
that LAB pre-incubation with intestinal mucus results in reduced aflatoxins binding the 
gastro-intestinal tract. LAB, including L. rhamnosus and Propionibacterium 
freudenreichii, have been shown to bind different Fusarium mycotoxins (e.g. DON, 
NIV, fusarenon-X (FUS-X), T-2 toxin, HT-2 toxin), and Aspergillus mycotoxins (e.g. 
aflatoxin B1, B2, G1, G2) (Shetty and Jespersen, 2006). Franco et al. (2011) isolated 
several LAB with antifungal activity and capacity to remove DON from products or 
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habitats associated with F. graminearum. The authors found that, using viable LAB 
cells, DON reduction ranged from 16 to 56%, while dead cells reduced DON by 35 to 
67%, respectively. Inactivated cells showed the greatest potential for DON reduction, 
which proves that the most likely mechanism of detoxification was by absorption of 
mycotoxins by the cell walls of the LAB. This is supported by previous studies where 
peptidoglycan and polysaccharides present in the cell walls of LAB, after heat or acid 
treatments, increase their pore sizes, thus improving the capacity to trap toxins 
(Niderkorn et al., 2006; Niderkorn et al., 2009) 
In addition to antimicrobial benefits of LAB application, it is widely accepted that a 
reduced pH in mashing is beneficial for the brewing process. LAB can be added to 
green malt for bioacidification of mash and wort, holding germinated barley under 
anaerobic conditions to produce lactic acid. Kilning the grains will concentrate the acid, 
thus, acidifying the mash. Kunze (2010) successfully used L. delbrueckii for mash 
acidification. The resulting acidification also serves to reduce rootlets growth and, thus 
prevent high malting losses (Mauch et al., 2011). LAB such as L. amylovorus, L. 
amylolyticus, L. plantarum, and P. pentosaceus can enhance the technological 
performance and malt characteristics, contributing to grain’s enzymatic activity (Laitila 
et al., 2006; Lowe and Arendt, 2004; Lowe et al., 2005; Malfliet et al., 2010). 
2.4.2.3. LAB in bakery products (sourdough) 
Spontaneous sourdough fermentation is one of the oldest cereal fermentations and 
paradoxically is an important modern biotechnological process. Sourdough bread is 
prepared from a mixture of flour and water which is fermented by lactic acid bacteria 
(10
9
 CFU.g
-1
) and yeast into a natural ratio of 100:1. LAB sourdough typically includes 
Lactobacillus, Leuconostoc, Pediococcus, or Weissella genera. Mainly 
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heterofermentative strains, producing lactic acid and acetic acid in the mixture, give 
pleasant sour flavour to bread (Chavan and Chavan, 2011). L. plantarum is predominant 
in the European sourdoughs (Chavan and Chavan, 2011; Gobbetti et al., 2005).  
Sourdough has many functionalities and advantages due to the metabolic activity of 
LAB during sourdough fermentation which improves several dough properties, thus, 
bread quality (Arendt et al., 2007; Corsetti and Settanni, 2007; Ravyts et al., 2012; 
Zannini et al., 2009). Additionally, sourdough also retards the bread staling and 
microbial spoilage processes.  
Mould is the most common contaminant responsible for spoilage of bakery products. 
Penicillium spp. are responsible for the majority of bread spoilage followed by 
Fusarium, Clodosporium, Rhizopus, and Aspergillus (Pateras, 2007; Smith et al., 2004). 
Several sourdough LAB produce inhibitory substances (Messens and De Vuyst, 2002), 
as previously discussed in section 2.4.2.2. PLA has been reported as one of the most 
abundant acids found in sourdough products (Ryan et al., 2009a). A PLA producing 
LAB (L. plantarum 21B) delayed Aspergillus niger growth for extra 7 days in bread, in 
comparison to the controls (mould after 2 days) (Lavermicocca et al., 2000). In a 
separate study, PLA produced by Propionibacterium freudenreichii and two strains of 
L. plantarum showed a broad spectrum of activity with concentrations ranging from 
3.75 to 7.5 mg.mL
-1
 (Table 3) (Lavermicocca et al., 2003). The bread shelf-life was 
extended by more than two days for most strains and at pH 4.0; PLA inhibited more 
than 50% of fungal growth (7.5 mg.mL
-1
). In addition, this is non-toxic and odourless, 
thus giving it potential for use in food industry (Lavermicocca et al., 2003). 
Due to its antifungal characteristics, many sourdough LAB have the potential to be 
effective replacements for chemical preservatives (Arendt et al., 2007; Chavan and 
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Chavan, 2011; Gänzle et al., 2007; Hansen and Schieberle, 2005; Liu et al., 2008; 
Ravyts et al., 2012). The inclusion of several antifungal LAB strains in wheat dough 
enabled the reduction of the chemical additive calcium propionate (CP) by 50%, whilst 
maintaining the same bread shelf-life (Dal Bello et al., 2007; Gerez et al., 2009). L. 
plantarum 1A7 sourdough was seen to inhibit fungal contamination for up to 28 days of 
storage under normal bakery conditions, compared to a 0.3% CP formulation (Coda et 
al., 2011). In this study, nine novel antifungal peptides were identified. Ryan et al. 
(2011) used  20% sourdough bread fermented with L. amylovorus DSM19280 in wheat 
bread systems which inhibited the growth of F. culmorum, A. niger, Penicillium 
expansum and Penicillium roqueforti more effectively than CP. Antifungal LAB 
sourdough has inhibitory activity against mould and still produces bread of good quality 
(Dal Bello et al., 2007; Ryan et al., 2011). 
Bread contributes significantly to daily salt intake, and the consumption of low-salt 
bread represents an emerging market in the food business. However, salt acts as a 
preservative agent in bread and reducing salt levels results in reduced bread shelf-life. 
Additionally, bread is a high moisture product with an aw > 0.95 (Smith et al., 2004), 
and therefore, is easily infected by mould (Belz et al., 2012b; Quilez and Salas‐Salvado, 
2012). In a recent study, Belz et al. (2012a) used sourdough fermented with antifungal 
L. amylovorus DSM19280 for the production of low-salt breads. This increased bread 
shelf-life even longer than by using 0.3% CP formulations. The trials were conducted 
under normal bakery conditions and the breads challenged against typical bread 
spoilage fungi. In this study, 23.8% sourdough in breads, without salt, challenged 
against P. expansum, had five days of shelf-life, in comparison to the control wheat 
bread (4 days). F. culmorum was completely inhibited over the 14 days of the trial, with 
an extra 11 days of shelf-life, in comparison to the control breads (3 days). In addition, 
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A. niger was inhibited for an extra five days of shelf-life, in comparison to the control (3 
days) (Belz et al., 2012a). 
2.5. Conclusions 
Food safety is of fundamental importance to both the consumer and food industry for 
health and economical reasons. New fungal threats continue to arise with more 
aggressive pathogens adapting to the environment and producing emergent mycotoxins. 
Infections in cereal-crops are one of the primary vectors for food chain fungal 
infections. Developing natural, safe and healthy food products represents a challenge, 
where lactic acid fermentation plays an important biopreservative role. LAB and its 
metabolites represent a viable solution to implement biocontrol technology in 
agricultural management programs and as biopreservatives in food systems. Due to its 
broad antifungal spectrum, and the multifold nature of antifungal metabolites produced, 
LAB can be applied from crop farming to cereal food products, as well as in other food 
matrices. Furthermore, LAB bioprotection can be applied as an additional hurdle 
technology to already established GMP guidelines. 
2.6. Future trends 
LAB species are reliable candidates to develop stabilising agents for application as 
useful biostrategies in food preservation systems. In particular, advanced molecular 
approaches will increase data acquisition on a genetic level allowing further 
understanding of pathogen-host and pathogen-biocontrol microbe interactions. 
Additionally, the comprehension of the in situ behaviour of starter cultures by means of 
proteomics and metabolic interspecies quorum sensing research will elucidate the 
underlying action mechanisms on fermentation processes and microbial adaptation 
strategies. This will allow us to obtain bioprotective cultures with improved capabilities. 
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Furthermore, LAB protective cultures will find further application in food systems as 
the use of chemical agents will continuously decrease with cheaper processing at 
industrial scale. The food industry will focus on implementations according to a clean 
label technology, which forces manufactures to further manage and explore 
autochthonous microbial sources to counteract fungal infections. 
The scientific methodology and developing control of LAB-containing bioprotection 
systems have to be employed through pathogen-specific biocontrol targets. This is vital 
having into account the huge external variability’s arising in agricultural systems. As 
such, future focus must be placed on producing biocontrol tools which can maintain 
functionality in a dynamic microbial environment. 
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3.1. Introduction 
Barley is one of the most important cereals in the world with an estimated global 
production above 132 million tons grown on 50 million hectares in 2011 (USDA, 2011). 
The industrial use of barley grain has experienced continuous growth mainly due to its 
economic importance for malt production. The global malting industry accounts for an 
annual malt production capacity of 22 million tonnes where more than 90% is made 
from barley, the majority of which supplies the brewing industry.  
The International Grain Council forecasts a rebust increase in barley sowing with barley 
malt production worldwide continuously increasing (Council, 2011). However, the 
agricultural market trends are inclined towards increased volatility and constant high 
barley prices (FAO, 2011). This is due to last year’s reduced stocks and harsh weather 
conditions in key producer countries, combined with high energy costs. 
Raw barley accounts for up to 70% of total malt production costs (FAO, 2009) and in 
turn, barley malt contributes up to 40% of the costs of beer production. Therefore, it is 
important to reduce manufacturing costs and decrease raw material losses. 
The expected increase in globalization of the malting barley trade will be directly 
associated with an increased fungal infection and cross-contamination risk. Indigenous 
fungal field flora can be a major problem in small grain cereals, like barley, as these 
pathogens are very well adapted to grass hosts (Liddell et al., 2003). The natural 
microflora in cereal grains consists of viruses, bacteria, filamentous fungi, yeast, slime 
moulds and protozoa. Depending on geografic and climatic conditions, microorganisms 
found on barley are primarily mesophilic and psychotrophic. This includes saprophytic 
and parasitic organisms that generate complex interactions facilitating grain 
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colonization and  exploiting its nutrient resources to proliferate both externally and 
internally (Laitila, 2007, Noots et al., 1999). 
Filamentous fungi are a major safety concern in the malting and brewing industry. From 
a consumer safety viewpoint, they can produce diverse mycotoxins with a carcinogenic 
and mutagenic potential transferable from grains to malt and other processed foods, like 
beer (Champeil et al., 2004, Lancova et al., 2008, Schwarz et al., 1995, Wolf-Hall and 
Schwarz, 2002). Complete elimination of mycotoxin contaminated commodities may 
not be achievable (Alimentarius, 2003), but a reduction is essential for the consumer. 
From a technological perspective, fungal persistence can reduce product marketability 
causing economic losses, by reducing quantity and quality of the grain (Doran and 
Briggs, 1993, Noots et al., 1999, Schwarz et al., 2001).  
Storage moulds can be avoided by good storage practices, although field fungi, like 
Fusarium spp., can still cause problems during grain processing. High incidence of 
cereal contaminations with Fusarium moulds, including F. culmorum, have been 
observed worldwide in various crops (Placinta et al., 1999, Warzecha et al., 2011). 
Trichothecenes, a type of Fusarium mycotoxin, are frequently found in cereal grains 
(Alimentarius, 2011), in malt and beer. Several techniques to quantify levels of mould 
present in grains have been developed over time, but difficulties arise in assessment of 
moulds in larger grain samples (Magan, 1993).  
The malting environment represents a complex ecosystem where favorable conditions 
for microbial growth are present in terms of nutrients, moisture and temperature which 
enable microorganisms to interact with the grains metabolically during the process. 
Consequently, microorganisms will have a significant impact on malting performance 
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and final malt quality (Laitila, 2007, Laitila et al., 2007, Laitila et al., 2006, Noots et al., 
1999, Raulio et al., 2009, Wolf-Hall, 2007). 
Microbes can also have beneficial effects during malting, such as the production of 
hydrolytic enzymes and hormones contributing to malt modification (Laitila, 2007, 
Laitila et al., 2011). Since all barley grain components play an essential role in 
achieving a superior malt quality, it is imperative to obtain a clear understanding of the 
kernel ultra-structural details. This will increase the understanding of the mechanisms of 
fungal proliferation in grains during malting, which is of interest to the broader cereal 
science research community and industry as a whole. 
The main objective of this study was to investigate the overall quality changes in malt 
and wort produced from a specific initial degree of Fusarium infection (20%) in raw 
barley grains. For this, we used Fusarium culmorum, which is a fungal species 
responsible for one of the main small grain cereals disease, Fusarium Head Blight 
(FHB) (Champeil et al., 2004, Osborne and Stein, 2007), and beer gushing (Haikara, 
1983, Stübner et al., 2010). This research places particular emphasis on investigating 
the spread of Fusarium biomass infecting healthy mature barley kernels during malting. 
We also aim to study the specific infection pattern involved in mould colonization and 
proliferation. In addition, the fungal growth behavior throughout the malting process 
and its correlation with the mycotoxins produced are examined. Finally, the 
ultrastructural changes due to Fusarium infection and the quality and value attribute 
changes in the final infected malt grains (IMG), due to mould contamination, are 
assessed in comparison to control barley and malts.  
3.2. Material 
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Commercial spring barley (Hordeum vulgare, Quench variety), harvested in 2009, was 
supplied by the Malting Company of Ireland Ltd. (Cork, Ireland). Barley grains were 
stored in barrels in a cool place and were regularly aerated. 
Fusarium culmorum TMW 4.2043 strain originally isolated from brewing barley was 
provided by the culture collection of Lehrstuhl füer Technische Mikrobiologie, TU-
Müenchen Weihenstephan.  
All reagents used in the following analyses were at least analytical grade. 
3.3. Methods 
3.3.1. Grain surface disinfection 
Barley grains were sanitized according to a modified method described by Lowe et al., 
(2006). Pre-disinfected (A-Pyne solution®, WTL, Cork, Ireland) perforated stainless 
steel steeping boxes were used to disinfect 300 g of barley grains per 2 L 10% (w/v) 
hydrogen peroxide (H2O2) solution for 10 min with continuous stirring. The grains were 
then washed for 5 min with 2 L of distilled water. Subsequently, the grains were 
disinfected (5 min) and washed again, under the same conditions. Immediately, the 
grains were moved to sterile plastic boxes (30 x 20 cm) and allowed to dry at room 
temperature for 24 h under vertical sterile laminar flow, followed by exposure to 
ultraviolet light (10 min). Samples were collected aseptically to analyze in comparison 
to the control (untreated barley grains). 
3.3.2. Fungal spore suspension preparation and grain inoculation 
F. culmorum spore suspensions were prepared according to the method described by 
Mauch et al. (2010). Briefly, fungus was cultivated on potato-dextrose agar (PDA) 
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plates (Fluka Chemie AG, Buchs, Switzerland) at 25 °C for 5 days. Small pieces of F. 
culmorum inoculated PDA were transferred into 500 mL of synthetic nutrient-poor 
bouillon (SNB) (Nirenberg, 1976). Fungal suspensions were kept at room temperature 
with continuous stirring (120_rpm) for 14 days to induce spore production.  Colony 
forming units (CFU) were determined with a haemocytometer. Concentrations of 
10
5
_CFU.mL
-1
 were obtained. 
Infected barley grains (IBG) were prepared using the following procedure. Sanitized 
barley grains were inoculated with 2% (v/w) sterile filtered (30 µm filter paper) F. 
culmorum macroconidia suspension. The grains were homogenously mixed and 
subsequently incubated in a humidity control chamber (Koma, Sunriser-AT, Koma 
Koeltechnische Industrie B. V., Netherlands) for 5 days at 25 ºC with 98% humidity to 
allow fungal proliferation through the grain bed. After day 1, the grains were mixed 
evenly once every 8 hours during the incubation period. IBG were homogeneously 
mixed, analyzed for moisture and prepared for malting. Uncontaminated barley was 
processed in the same way as a control. 
3.3.3. Malting Process 
All malting trials were carried out at the UCC malting pilot-scale. Malting parameters 
were set according to the accepted method 1.5.3 from Mitteleuropäische Brautechnische 
Analysenkommission (MEBAK, 2011). A 20% (w/w) (1.8.kg (dm)) IBG was used to 
inoculate standard barley grains (SBG) (7.2 kg (dm)). The grains were mixed and 
malted to produce infected malt grains (IMG). SBG were malted to produce the control 
standard malt grains (SMG). Initial 9 kg dry matter (dm) batches were produced for 
control and infected malts with constant conditions. Grains were evenly distributed into 
8 perforated stainless steel steeping boxes. A stainless steel vat with 2 hL of drinking 
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quality treated water was used to run the wet stages with an electric water pump to 
ensure continuous water circulation and a glycol refrigeration system to maintain a 
constant temperature (14.°C). Steeping water was renewed for each cycle. Air and 
germination stages were carried out in a humidity control chamber with a specific 
humidity of 98%. Firstly, the steeping stage comprised of a 5 h wet stage followed by a 
19 h air stage and another 4 h wet stage followed by a 20 h air stage. Secondly, the 
germination stage lasted for 5 days. During the germination stage, grains were moved to 
perforated stainless steel germination boxes to ensure aeration. Grains were gently 
stirred every 13 h to avoid microclimate clumps. Finally, kilning comprised of 16 h at 
50 °C, followed by 1 h at 60 °C, 1 h at 70 °C, and 5 h at 80 °C. A micromalting machine 
(Joe White Malting Systems, Australia) was used for kilning. Fungal growth was 
determined during malting: after the initial air stage, after the second wet stage, after the 
second air stage, after every day of germination and also after the 50 °C kilning stage. 
After malting, grains were cleaned with a thresher (Wintersteiger LD180, Wintersteiger 
AG, Ried, Austria) and stored in barrels, turned once a week and used within 4 weeks. 
Total malting loss was calculated gravimetrically. Malt samples were pre-frozen (-80 
°C), and freeze-dried (-100 °C, 10 mT) in a VirTis Bench Top K freeze dryer (SP 
Industries, USA) to be analyzed. 
3.3.4. Quantification of fungal growth by PCR and photometric assay 
A PCR, adapted from Liske (2003), and photometric assay were used. Total F. 
culmorum genomic DNA was extracted as follows; 20 g of freshly ground grains were 
mixed with 55 mL of Milli-Q water and 25 mL of lysis buffer (20 mM 
ethylenediaminetetraacetic acid (EDTA), 10 mM trisaminomethane (Tris), 1% Triton-
X-100, 500 mM guanidin-HCl, 250 mM NaCl, 1 L Milli-Q water) in sterilized glass 
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beakers and stirred for 15 min. Samples were allowed a 3 min rest before sonication (1 
min at 20 °C) followed by another 15 min rest. Triplicates of 1.2 mL supernatant were 
pipette into 2 mL sterilized microcentrifuge tubes and centrifuged for 1 min at 8,000 x 
g. F. culmorum DNA isolation was done with a High Pure PCR Template Preparation 
Kit, Roche (Roche Diagnostics GmbH, Germany). The tubes were mixed by vortex and 
kept on ice for immediate PCR reaction. 
The PCR reaction conditions were as follows: 2 µL of genomic DNA was added to a 
reaction mixture of 48 µL containing 1X reaction buffer (D1806 Sigma-Aldrich), 2.5 
units of Taq Polymerase (D1806 Sigma-Aldrich), 2.5 mM of each deoxyribonucleotide 
triphosphate (dNTP), 25 pmol of each forward and reverse primer, and Milli-Q water. 
Species specific primers for a F. culmorum gene involved in the trichothecene 
synthesis, OPT 18 R, (Reverse primer: 5’ GAT GCC AGA CGC ACT AAG AT 3’) and 
OPT 18 F (Forward primer: 5’ GAT GCC AGA CCA AGA CGA AG 3’) were used 
(Eurofins MWG Operon, Ebersberg, Germany). DNA amplification was performed in a 
96 well block TProfessional Basic Thermocycler (Biometra, Goettingen, Germany) with 
an initial 4 min denaturation cycle at 94.ºC followed by 39 cycles of 20 s at 94 ºC, 20 s 
at 63 ºC, and 30 s at 72 ºC with a final extension cycle of 5 min at 72 ºC. 
To quantify the PCR product, a Qubit® 1.0 Fluorometer (Invitrogen) was used with a 
Qubit dsDNA BR Assay kit (Q32853 Invitrogen). The sample was prepared as per 
manufacturer’s instructions and then incubated for 2 min at 22 °C before reading. The 
sample concentration was calculated in µg/mL of elution buffer. The linear range of 
PCR system was validated through a sigmoid curve of F. culmorum DNA (limits of 10 
µg/mL to 26 µg/mL) (Attachment 1). Sample dilutions were prepared to fit linear range. 
3.3.5. Fungal mycotoxin analysis by HPLC 
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The mycotoxins nivalenol (NIV), zearalenone (ZEA), β-zearalenol (β-ol) and 
deoxynivalenol (DON) were analyzed using a high-performance liquid chromatography 
(HPLC) system (DIONEX) with a UV detector, measured at λ = 224.nm, with a 
Lichrospher 100 RP 18.5,µm column (Macherey-Nagel). Samples were purified with an 
immunoaffinity column (Coring System; DONStar) for the quantitative analysis. The 
eluent used was water/methanol (85/15%). Reference standards of different dilutions 
(Fluka) were used for each analysis. Detection limit for each of the mycotoxins, using 
this method was 20.µg/kg. 
3.3.6. Grain ultrastructure analysis by CLSM and SEM 
Freeze dried grains were cut in several 2.mm transversal sections before microscopy (n 
≥ 15 for each batch). A FluoView FV300 confocal scanning system (Olympus, 
Germany) connected to an Olympus IX80 inverted microscope was used to see specific 
changes in the grain cell walls and protein structure. Grain cross sections were stained 
for 1 min with 0.1% calcofluor-white solution (18909 Sigma) (β-glucan), washed with 
dH2O and stained for 1 min with 0.1% acid fuchsin solution (F8129 Sigma) (protein). 
Fluorescence images of a number of optical sections were acquired by scanning the 
sample along the optical axis using a 405 nm excitation line for β-glucan and a 543 nm 
excitation line for protein. Micrographs of the projection of the layers XYZ were 
acquired using a UPLSAPO 10X objective lens representing a single image. 
A JEOL scanning electron microscope (SEM) type 5510 (JEOL, Tokyo, Japan) was 
used to see topographical changes in starch granules and the structure of several grain 
tissues. Grain cross sections were mounted onto aluminum stubs using carbon double 
surface adhesive and coated with a 7 nm gold layer using a Gold Sputter Coater (BIO-
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RAD Polaron Division, SEM coating system, England) and observed under a constant 
accelerating voltage of 5 kV. 
3.3.7. Grain characterization 
Raw barley and malted grains were characterized by measuring: moisture, β-glucan, 
GE, germinative capacity, water sensitivity, free amino nitrogen (FAN), soluble 
nitrogen (SN), total nitrogen, sieving test, and thousand corn weight, using standard 
EBC methods (1998), as listed in Tables 5 and 6. Control samples from sanitizing and 
incubation stages were tested for moisture, germinative capacity and energy. Malted 
grains were also analyzed for friability, glassy corns, and unmodified grains by standard 
EBC methods, see Table 6. Barley malt grain enzymatic activity was evaluated by 
determination of α-amylase, β-amylase, β-glucanase (Megazyme Int., Ireland), and total 
protease (haemoglobin standard according to the method described by Brijs et al. 
(2002)) activities, see Table 6. Wort was produced by the standard EBC congress mash 
(method 4.5.1) and evaluated by analyzing its extract, saccharification, pH, filtration 
time, odour, colour, viscosity (falling ball viscometer), SN, FAN, Kolbach index and 
fermentability degree, according to the standard EBC methods described in Table 6. 
3.3.8. Statistical analyses 
Malting trials were performed in duplicate. All analyses were run in triplicate, at least. 
SigmaPlot 11.0 software was used to apply the normality test (Shapiro-Wilk) and equal 
variance test to validate differences in mean values with more than 95% confidence 
interval (P < 0.05) to apply Student’s t-test evaluations of difference in mean values to 
detect statistically significant differences between the control and infected grain quality 
attributes. 
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3.4. Results and Discussion 
3.4.1. F. culmorum infection in mature raw barley grains  
F. culmorum can infect barley plant ears, in the field, after 24 h to 60 h of exposure 
(Champeil et al., 2004) and produce multicellular macroconidia, in vitro, after 5-6 h 
(Bushnell et al., 2003). Although F. culmorum is a field fungus, it can proliferate after 
harvest in optimal conditions (25 °C; 100% relative humidity (RH)) (Champeil et al., 
2004). This fungus is known to primarily produce type B trichothecenes such as, DON, 
its derivates, and nivalenol (NIV) (Placinta et al., 1998), which are the product of 
secondary metabolites produced under stressful conditions (Champeil et al., 2004). The 
level of mycotoxins in cereal-base products is dependent on the pattern of Fusarium 
infection in the grains and on processing (Laca et al., 2006). Malting companies 
frequently reject barley lots containing detectable levels of DON, though this is not 
directly correlated with current levels of fungal infection due to detection difficulties. 
And minor initial fungal infections are likely to increase during malting.  
In this study, prior to fungal inoculation, barley grains were sanitized with H2O2 in 
order to reduce the surface microbial loads. H2O2 is a disinfectant considered GRAS 
(Generally Regarded As Safe) status, with bacteriostatic and bactericidal activity due to 
its oxidizing power (Juven and Pierson, 1996). H2O2 is known to improve germination 
capacity of dormant barley acting as antimicrobial agent with minor effects on grain 
quality (Kelly and Briggs, 1992, Kottapalli et al., 2005, Laitila et al., 2007). Minor 
interference from the sanitizing agent is expected in barley grain quality due to short 
contact time and washing steps immediately after as H2O2 is decomposed into water and 
oxygen leaving no residue (Olmez and Kretzschmar, 2009). The controls used to assess 
the effect of the sanitizing step in barley grains showed no significant effect on the 
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germinative capacity or energy of barley grains, as reported in previous studies 
(Kottapalli et al., 2005). F. culmorum spore suspension was inoculated in barley grains 
followed by incubation at 25.°C with 98% RH. This strain was known to be a 
predominant strain in brewing barley and was not a strong DON producer. The infection 
pattern was monitored visually for 5 days, time required for mycelial overgrowth to 
cover the grains surface. This allowed us to obtain a specific initial degree of infection 
on barley grains. It mimicked field contamination and allowed us to study the spread of 
F. culmorum infection during malting. 
Table 5 shows the characteristics of SBG and IBG. It can be seen before and after the 
incubation time that the infected kernels more than doubled in water content, from 
13.26±0.13% to 31.0±0.03% due to inoculation and humidity.  
 
Table 5. Characteristics of standard barley grains (SBG) and infected barley grains 
(IBG) with DON concentrations. 
Analysis Method Unit SBG IBG Δ %   
Moisture EBC 3.2 % m/m 
13.2
6 
± 0.13 
31.0
2 
± 0.03 
133.
8 
a 
Total Nitrogen EBC 3.3.1 % m/m 1.52 ± 0.04 1.58 ± 0.12 3.9 
d 
Total Protein 
Total nitrogen x 
6.25 
% m/m 9.54 ± 0.22 9.85 ± 0.74 3.2 
d 
β-glucan EBC 3.10.2 % m/m 2.68 ± 0.18 2.16 ± 0.02 -19.4 b 
Germinative Capacity EBC 3.5.1 % 98.0 ± 2.0 55.0 ± 2.0 -61.1 
a 
Germinative Energy 
(GE) 
EBC 3.6.2 % 96.3 ± 4.1 53.0 ± 12.1 -45.0 
b 
Water Sensitivity EBC 3.6.2 % 20.2 ± 7.5 65.3 ± 4.0 
223.
3 
c 
Sieving Test EBC 3.11.1 > 2.5 mm % 93.9 ± 0.6 94.5 ± 0.4 0.6 
d 
 
EBC 3.11.1 < 2.5 mm % 5.4 ± 0.5 4.5 ± 0.3 -16.7 
a 
 
EBC 3.11.1 
half corns 
% 
0.7 ± 0.1 1.0 ± 0.0 42.9 
b 
Thousand corn weight EBC 3.4 g 38.7 ± 0.5 38.4 ± 0.8 -0.8 
d 
Deoxynivalenol (DON) HPLC µg.kg
-1
 n.d.
e
 199 - - 
a
 Values between two groups are statistically significant different at P < 0.05; 
b
 Values between two groups are statistically significant different at P < 0.01; 
c
 Values between two groups are statistically significant different at P < 0.001; 
d
 Values between two groups are not statistically different; 
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e
 n.d. = not detected. 
 
Grain germinative capacity was highly affected by mould infection being reduced from 
98±2%, in SBG, to 55±2%, in IBG. The grain GE followed the same trend and was 
reduced by 45% (96.3±4.1% to 53.0±12.1%). Results observed in this study, and those 
previously reported, are similar in spite of the different Fusarium species or strains 
being used (Sarlin et al. 2005, Schwarz et al. 2001). Specifically, these findings 
correlate with previous Fusarium infection study, where barley inoculated with F. 
graminearum (KB-172) in greenhouse had a reduction of 42% in GE (Schwarz et al. 
2001). The loss of germination ability was inversely correlated with the grain water 
sensitivity rising 3-fold up to 65.3±4.0% in IBG. A significant decrease in IBG β-glucan 
concentration was also noted, from 2.68±0.18% in SBG to 2.16±0.02% in IBG, which 
suggests that the glucanase detected earlier were of exogenous fungal origin. This was 
supported by Schwarz et al. (2002) who found fungal exoglucanase production and 
activity on the grain cell wall in F. graminearuma and F. poae artificially infected 
plants. β-Glucanase caused degradation processes in the early stages of grain 
colonization. 
Sieving showed that the bigger fraction of barley was not significantly affected by the 
fungal inoculation (Table 5). In contrast, the smaller grain proportion was marginally 
decreased and the damaged corn proportion was increased. However, this is not directly 
due to fungal infection but more likely due to the fungal biomass mucilaginous sheath 
in the surface of the grains (Bushnell et al., 2003), which results in variations on the 
measurement of grain size (Table 5). In plant infection studies, the kernels can decrease 
in size upon Fusarium infection due to disrupted development, leading to an incomplete 
grain endosperm formation (Sarlin et al., 2005). However, this cannot be directly 
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compared with our results as the infection pattern used is different. In this study, there 
were also no significant differences in total grain weight after incubation, see Table 5. It 
is possible that the grain tissue weight consumed through fungal enzymatic hydrolysis is 
being replaced by fungus biomass, which would cause no perceptive change in overall 
grain weight.  
There were no significant changes found in IBG total nitrogen (1.52±0.04% vs. 
1.58±0.12%), although the different protein fractions present in IBG are greatly affected 
by the fungus (data not shown). F. culmorum contributes to proteinaceous matter 
present in the grain and may induce a number of pathogenesis-related proteins, as part 
of the plant defense mechanism. F. culmorum proteinases were previously shown to 
hydrolyze barley grain storage proteins (Hordeins) (Pekkarinen et al., 2002). 
The mycotoxins analyzed were deoxynivalenol (DON), nivalenol (NIV), zearalenone 
(ZEA), and β-zearalenol (β-ol). DON was the only mycotoxin detected after 5 days of 
incubation in IBG (199 µg.kg
-1
). Barley grains accumulated a DON concentration of 
below the established strict European Commission limits in cereals, 750 µg.kg
-1
 (1000 
µg.kg
-1
 in the USA), and cereal-based products, 500/200 µg.kg
-1
, comparable to levels 
of DON naturally accumulated in the field analyzed by Sarlin et al. (2005). Typically, 
DON is the most commonly found Fusarium toxin accumulated in barley grains 
(Champeil et al., 2004, Ioos et al., 2005, Kokkonen et al., 2010, Malachova et al., 2010, 
Placinta et al., 1999, Schwarz et al., 2006, Wolf-Hall, 2007). Histological studies show 
that barley is more susceptible to infection during the flowering stage, including the 
early stages of grain development (Kang and Buchenauer, 2000). Therefore, challenging 
mature grains, which have a fully developed defence system, leads to a different 
infection pattern thus justifying the resistance to kernel infection in this study.  
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3.4.2. Relationship between F. culmorum growth and DON production 
during malting  
During barley malting, the grain undergoes extensive modification. The process starts 
with the steeping process, where the dormancy period is broken and the grains are 
hydrated to approximately 46% moisture. The grains are immersed in water (wet step) 
and intermittently aerated to allow respiration (air rest). The next step of the malting 
process is germination where enzymes are produced and proteins and cell walls are 
degraded, thus rendering the starchy endosperm vulnerable to hydrolysis. The final step 
is kilning, which arrests further modification to preserve enzyme levels and introduce 
special organoleptic qualities to the malt. The barley grains used for malting may 
contain small amounts of Fusarium infected grains since it is not possible to eliminate 
infected kernels from the batch during malting. Therefore, the increase in grain water 
content during malting stimulates, not only the plant metabolism, but also the dormant 
microorganisms (Raulio et al., 2009), which will further infect healthy grains. 
In this study, in vitro infected kernels were mixed with uninfected barley grains, at a 
20% level, to evaluate their impact on spread of Fusarium infection during malting, 
fungal growth, and DON production. A PCR-based assay was applied to evaluate the 
growth behaviour of the fungi during malting providing an accurate indicator of the 
fungal growth during malting.  
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a
 DON concentration under the limit of quantification (20 µg.kg
-1
). 
Figure 2. F. culmorum growth behaviour and DON production during the malting 
process using 20% initially infected barley grains (IBG). 
 
Figure 2 shows F. culmorum behaviour and the corresponding DON concentrations 
present in the infected batch. DON and F. culmorum DNA (SMG with 2.54±0.13 
µg.mL
-1
; 3.09±0.60 µg.mL
-1
 after steeping; 3.90±0.31 µg.mL
-1
 after germination, and 
3.67±0.40 µg.mL
-1
 in SMG) were not detectable in uninfected controls. The infected 
barley malting process commenced with 20% of IBG fungal DNA levels (7.23±0.71 
µg.mL
-1
) and 40 µg.kg
-1 
accumulated DON. 
Figure 2 reveals that fungus was able to proliferate throughout the malting process in 
the infected barley batch. Also, the concentration of DON shows a steady increase of 
the mycotoxin as malting progresses.  
After 48 h (end of the second air stage), the fungal concentration had more than doubled 
(14.49±4.78 µg.mL
-1
) with the fastest rate of growth happening during the first air stage 
(83%). Fungi proliferation was increased during the air stages, where there was 98% air 
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humidity. After the second wet stage, the infection was highly heterogeneous and grains 
formed concentrated clumps of contamination, thus explaining the higher than average 
standard deviation in measurements at this time. There was 76% proliferation of the 
fungus during the germination stage by colonizing healthy grains to over 3-fold its 
initial concentration (24.46±4.15 µg.mL
-1
). A fluctuation in ventilation and infection 
heterogeneity, due to complex barley microflora with a non-uniform substrate (Noots et 
al., 2003) justifies this non-linear trend. Furthermore, during kilning the fungus was 
able to proliferate throughout the first 16 h step of 50 ºC (25.76%) where adequate 
moisture levels for fungi growth are still available. No significant growth was seen after 
this time. 
Also, after 48h, DON increased by a 75% (70 µg.kg
-1
) although by the end of steeping 
stage it was undetectable, suggesting that it leached out during the wet stages. During 
germination, DON was produced slowly (0.58 µg.kg
-1
.h
-1
), reaching the same 
concentration levels measured at the end of the first air stage. During the kilning stage, 
DON was produced at a rate of 12.09.µg.kg
-1
.h
-1
, resulting in accumulation of 
348.µg.kg
-1
 for IMG.  
These findings show that fungal growth was favored during air rests and germination, 
however growth was also detected during the first step of kilning. In the latter stages, 
the fungal proliferation was accompanied by a slow production/accumulation of DON, 
even after leaching during the second wet stage. The increased temperature during 
kilning provides adverse conditions for fungal growth, thus triggering a stress response 
and elevating the production of DON. Maximal DON levels were measured in the final 
IMG, as expected due to its thermostability at 80 °C. The fungus is viable up to the 50 
°C stage of kilning (Vegi et al., 2011) and under heat stress produced excessive amounts 
of DON. Therefore, it is likely that the level of DON produced was at a maximum 
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before 80 °C was reached. This correlates with previous reports (Champeil et al., 2004, 
Sarlin et al., 2005, Wolf-Hall, 2007). Recently, Vegi et al., (2011) studied the behavior 
of high-quality, artificially inoculated and naturally infected barley grains, measuring F. 
graminearum Tri5 gene and its production of DON during malting. The author’s found 
differences in DON production and Fusarium growth (Tri5 DNA concentration) 
depending on the infection pattern (Vegi et al 2011). Grains were inoculated after 
steeping and the highest fungal and DON concentrations were measured shortly after 
start of kilning (49 °C – 54 °C). The depth of infection in affected grains and the 
capacity to colonize new grains are two major factors which contribute to Fusarium 
survival during malting. Furthermore, the 50 °C step during kilning seems to be critical 
for an increased rate of DON production.  
3.4.3. Grain ultrastructure 
 
Figure 3. Visual aspects of representative grains from both controls and infected barley 
and malt batches produced. 
 
Advanced microscopy techniques contribute to our understanding of the barley grain 
ultrastructure and illustrate the path of fungal infection. The characteristic visual aspects 
of representative grains from the different batches produced are shown in Figure 3. SBG 
had a golden yellow colour, which is typically associated with healthy cereal tissue, 
while IBG presented a red pink colour (naphthoquinone pigments) typically associated 
with Fusarium infections (Desjardins, 2006, Medentsev and Akimenko, 1998). SMG 
Chapter 3. Influence of Fusarium infection on barley malt 
92 
 
also had normal colouration, while IMG had a dark brown/black colour in the germ 
region and a light brown colour throughout the husk tissue. This was most likely due to 
oxidation reactions caused by fungal ruptured cell layers. These disruptions allow 
contact between substrates in the grain and either endogenous or exogenous enzymes. 
This effect is more severe in the aleurone layer which covers the embryo (Cochrane, 
1994). The phenolic substances and enzymes present in the protective layers of barley 
(lemma, palea and pericarp) were likely contributing factors to this oxidation process. 
The outer layers of the IMG samples had an extensively damaged, shrunken and 
wrinkled appearance, with particular focus on the embryo and crease regions. This is 
due to the propensity for hyphal accumulation and the long exposure of these grain 
areas to the fungus. A more advanced state of infection is found here indicating that 
these were the sites of initial penetration. Fusarium tends to follow a hydrophilic 
colonization mechanism of infection. IMG also consisted of apparently healthy malt 
barley which implies that the spread of infection was not inclusive of all grains. 
After incubation, fungal spores formed a biotrophic interaction for 3 days, after which 
random thick visible hyphal filaments and red spots were visible. Figure 4 shows the 
SEM micrographs of SBG and IBG after the fungal incubation time. IBG had a surface 
cover of white hyphae which adhered to the barley husk as seen in Figures 4B1 to 4B3, 
with primary emphasis on the ventral furrow gap and near the germ region. Similar 
results were seen for wheat spike infections in the field, although, in this case, the 
hyphal network is formed faster (Kang and Buchenauer, 2000). 
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Figure 4. A. SEM micrographs representative of standard barley grains (SBG), 
showing a uniform and compact structure (1), with starch granules packed inside the 
cell walls (2, 3), and embedded in a protein matrix (4). B. SEM micrographs 
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representative of Fusarium culmorum infected barley grains (IBG) after 5 days 
incubation showing mycelial overgrowth on the grain surface (1), in cavities/damaged 
tissue (2, 3), and starch granule hydrolysis (4). 
 
The starting point for fungal infection is by macroconidia adhesion to the grain followed 
by germ tube emergence. Subsequently, several plant pathogen-signals, hormones, 
surface hardness, topography, and hydrophobicity ensue. This is followed by the 
establishment of hyphal network fusions and host penetration (Tucker and Talbot, 
2001).  
The fungal hyphae use broken and malformed grains as a foothold, where nutrients are 
readily available creating a strong foundation for mould proliferation. These grains are 
compared to tombstones in field Fusarium infected wheat grains (Champeil et al., 
2004). Upon investigation of the inner core of the grain, it was possible to find 
elongated hyphae extending from the grain to the endosperm region causing damage to 
starch granules. Higher incidence of this was evident in grain cells closer to the 
epithelium layer where the hyphal filamentous track is visible (Figure 4B4). One would 
expect evidence that fungal growth would affect the aleurone cells, due to the fact that 
this is involved in the transport mechanism of gibberellic acid and enzymes (Bamforth 
and Barclay, 1993, Kunze, 2010, Palmer, 1998). In reality, hyphae were usually absent 
from the peripheral and far endosperm areas of the grains, unless previously physical 
damaged (Figure 4B2). Apart from the physical barrier, the pericarp layer and testa 
contain high concentrations of phenolic compounds, which can act as antifungal agents 
(Bushnell et al., 2003, Noots et al., 1999, Skadhauge et al., 1997). 
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Figure 5. A. CLSM representation of standard barley grains (SBG). Grains present an 
organized structure (1-3) including the germ region (4). B. CLSM representation of F. 
Chapter 3. Influence of Fusarium infection on barley malt 
96 
 
culmorum infected barley grains (IBG). Grains show internal structural partial 
degradation (1, 2, 3). The germ region structure is unrecognizable (4). 
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Figure 6. A. SEM representation of standard malt grains (SMG) (1) showing an 
organized ultrastructure (2, 3), with starch granules released from the cell walls and 
protein matrix, sporadically presenting slight scratches (4). B. SEM representation of 
infected malt grains (IMG) with Fusarium culmorum (IMG). Malt grains appear highly 
deformed (1) with mycelial overgrowth in the endosperm region (2) displacing grain 
internal structures (3) and causing extensive damage to starch granules (4). 
 
The partial degradation of the cell wall where fungal hyphae were able to penetrate was 
confirmed by observing the CLSM micrographs (Figures 5B1 to 5B3). Figure 5B4 
reveals that the germ region is completely distorted by the fungi. This supports the 
hypotheses that the initial infestation of the grain takes place here due to the presence of 
thinner tissue layers with a weaker composition, or presence of water absorption pores. 
On the other hand, SMG retained its organized structure (Figures 6A and 7A) which 
resembled the original grain features (Figures 4A and 5A). The main difference was that 
the starch granules were released from the protein matrix and mildly damaged by barley 
endo-acting enzymes (Figure 6A4), which is common in a typical malting process 
(Kunze, 2010). Also, the majority of the cell walls were degraded through enzymatic 
hydrolysis (Figure 7A), which is one of the main objectives of malting. In comparison, 
IMG samples primarily consisted of completely deformed grains (Figure 6B1). This 
was expected due to the extra water intake and hyphal penetration, thus disrupting 
internal grain structures (Figure 6B2 and B3) replacing cavities with an extensive 
mycelial network. This is in accordance with a previous study on F. culmorum 
artificially infected wheat grains in the field (Jackowiak et al., 2005). In infected grains, 
starch granules appear completely destroyed with multiple points of invasion (Figure 
6B4) in the starchy endosperm region and to a lesser extent towards the distal part of the 
______ 200 µm 
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grain. Intense hydrolysis in the starch granule equatorial groove suggests that hyphal 
development commences here, in accordance with previous wheat in-field infection 
(Jackowiak et al., 2005). 
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Figure 7. A. CLSM representations of standard malt grains (SMG). Grains show cell 
wall and protein degradation (1-4). B. CLSM representations of infected malt grains 
(IMG) with Fusarium culmorum. Malt grain ultrastructure is extensively degraded (1, 
2, 3, and 4). 
 
Figure 7B confirms that F. culmorum extensively degrades cell wall fractions and 
proteins into simpler sugars and peptides in grains through the production of 
extracellular enzymes which correlates well with the results reported in Table 5.  
The differences noticed in the cell wall structure are likely to affect the kernel’s 
mechanical strength, permeability and susceptibility to enzyme hydrolysis during 
malting (Lazaridou et al., 2008). 
3.4.4. Impact of F. culmorum infection on the final malt quality 
Malting is designed to deliver the greatest source of available starch and assimilable 
amino acids, encourage enzymatic activity and to deliver specific organoleptic 
properties to produce homogenously modified quality malt (Bamforth and Barclay, 
1993). Fusarium species are a considerable threat to malt standard quality attributes as 
they interfere with the process. Fungal infection can be responsible for low aeration, as 
well as the secretion of undesirable enzymes, mycotoxins, hormones, and acids, which 
will affect barley metabolism and cause higher malting losses (Noots et al., 1999). 
Table 6 compares SMG and IMG, which were malted using the same standardized 
process. One negative effect associated with fungal infection was the increased friability 
of IMG (82.5±1.2% vs. 85.9±0.1%) with a tendency towards an increased proportion of 
unmodified grains (-11.1%). IMG were shrunk and there was 51.8% increase in 
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damaged grains. This correlates well with the ultrastructure analysis. Increased grain 
friability could enhance solubility of the nitrogenous compounds generated during mash 
filtration, resulting in higher levels of soluble nitrogen and free amino nitrogen, which 
may be partly responsible for the darker colour of the fungal infected malt (Table 6). 
This can be seen in some of the field infection studies (Sarlin et al., 2005, Schwarz et 
al., 2001); however, polyphenols located in the grain outer layers, are strongly involved 
in this colouration process (Eggert et al. 2010, Quinde-Axtell et al. 2006).  
Fungal infection is also associated with a lower wort pH (6.01±0.00 vs. 5.86±0.01). 
Table 6 also shows a corresponding decrease in the β-glucan concentration in IMG 
when compared to the control malt (0.63±0.01% vs. 0.71±0.05%). This decrease was 
responsible for a lower wort viscosity (Table 6), which is in agreement with previous 
field infection studies (Schwarz et al., 2001).  
 
Table 6. Characteristics of standard malt grains (SMG) and infected malt grains (IMG) 
including malting loss and DON concentrations. 
Analysis Method Unit SMG IMG Δ %   
Moisture EBC 4.2 % m/m 4.5 ± 0.05 4.6 ± 0.11 0.0 
d 
Total Nitrogen EBC 4.3.1 % m/m 1.40 ± 0.01 1.44 ± 0.04 3.5 
a 
Total Protein total nitrogen x 6.25    % m/m 8.7 ± 0.1 9.0 ± 0.2 3.5 
a 
β-Glucan 
MEGAZYME© 
Beta-Glucan 
% m/m 0.71 ± 0.05 0.63 ± 0.01 -11.0 
a 
Thousand corn weight EBC 4.4 g 35.7 ± 0.1 35.9 ± 0.4 0.6 
d 
Sieving Test EBC 4.22 > 2.8 mm % 81.5 ± 1.1 74.8 ± 1.1 -8.2 
b 
 
EBC 4.22 half corns % 1.6 ± 0.1 2.5 ± 0.1 51.8 
c 
Extract EBC 4.5.1 % m/m 83.3 ± 0.8 83.7 ± 0.4 0.5 
d 
Saccharification EBC 4.5.1 min 15 ± 5 15 ± 5 - 
d 
pH EBC 4.5.1 
_
 6.01 ± 0.00 5.86 ± 0.01 -2.6 
c 
Filtration EBC 4.5.1 
_
 slow slow - - 
Odour EBC 4.5.1 
_
 normal non aromatic - - 
Colour EBC 4.7.1 EBC 4.37 ± 0.06 7.05 ± 0.25 61.5 
c 
Viscosity EBC 4.8 mPa*s 1.63 ± 0.01 1.60 ± 0.01 -1.6 
a 
Soluble Nitrogen EBC 4.9.1 % m/m 0.63 ± 0.01 0.70 ± 0.01 10.5 
c 
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Free Amino Nitrogen EBC 4.10 mg/L 151 ± 5 196 ± 4 30.1 
c 
Final Attenuation EBC 4.11.1 % 78.3 ± 0.4 76.3 ± 1.5 -2.6 
d 
Kolbach Index soluble nitrogen ratio % 45 ± 0.6 48 ± 1.0 8.1 
b 
Friability EBC 4.15 % 82.5 ± 1.2 85.9 ± 0.1 4.1 
a 
Glassy Corns EBC 4.15 % 3.1 ± 0.7 3.1 ± 0.9 1.1 
d 
Unmodified Grains EBC 4.15 % 6.3 ± 1.5 5.6 ± 0.5 -11.1 
d 
Malting loss Gravimetric % m/m 8.9 ± 0.3 11.3 ± 0.4 27.2 
c 
Deoxynivalenol (DON) HPLC µg.kg
-1
 n.d.
 e
 348 - - 
a
 Values between two groups are statistically significant different at P < 0.05; 
b
 Values between two groups are statistically significant different at P < 0.01; 
c
 Values between two groups are statistically significant different at P < 0.001; 
d
 Values between two groups are not statistically different; 
e
 n.d. = not detected. 
 
Reduced viscosity aids the brewing filtration process, and although, barleys with high β-
glucan content do not correlate with filtrations problems, they can increase the gelation 
tendency (Narziss, 1992, Wagner, 1991). Sarlin et al. (2005) reported that decreased 
viscosity in field Fusarium infected wort filterability was instead due to increased 
arabinoxylan solubility after fungal hemicellulosic activities. Fungal infection in IMG 
did not impart a mould smell although it also diminished the typical worty aroma. 
Since at least 45% of IBG didn’t germinate and many previously healthy grains were 
contaminated during malting, the contribution of fungal protease and glucanase to the 
overall enzyme levels was clear. This proteolytic and cytolytic activity increase was 
independent of the amylolytic activity which actually decreased in IMG (Table 7). 
 
Table 7. Enzymatic activity of standard malt grains (SMG) and infected malt grains 
(IMG). 
Analysis Method Unit SMG IMG Δ % 
 
α-Amylase MEGAZYME© Ceralpha U/g 290.1 ± 7.0 258.4 ± 3.4 -10.9 b 
β-Amylase MEGAZYME© Betamyl-3 U/g 14.9 ± 0.2 13.0 ± 0.2 -12.9 c 
Total Protease Brijs et al., 2002 U/g 13.0 ± 2.8 21.5 ± 1.5 65.1 
b 
β-Glucanase MEGAZYME© Azo-Barley Glucan U/kg 539.3 ± 16.2 601.3 ± 6.3 11.5 b 
b
 Values between two groups are statistically significant different at P < 0.01; 
c
 Values between two groups are statistically significant different at P < 0.001. 
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Higher amounts of total protease activity justify the higher FAN and SN. In turn, the 
higher β-glucanase activity justifies the lower β-glucan levels present in IMG (Table 6). 
Both increased proteolytic and cytolytic activities contribute to enhancement of amylase 
access to the starchy endosperm. This resulted in increased degradation of starch 
granules as seen in the ultrastructural analysis. Even though the overall malt amylase 
activity decreased in IMG, it was still sufficient in starch hydrolysis which resulted in 
comparable wort extract and final attenuation in SMG and IMG (Table 6). Because of 
extensive exposure to fungal infection during inoculation and malting, mycelia covered 
the grain leading to reduced aeration (Kunze, 2010) causing severe damage in the germ 
(specifically the scutellum region). Since many enzymes are produced de novo, a 
disruption of the grain structure by Fusarium mould can inhibit the hormone signalling 
in barley preventing α-amylase synthesis (Kunze, 2010). These findings are correlated 
with the majority of the Fusarium infections in field (Sarlin et al., 2005). However, an 
increase in the α-amylase activity, with Fusarium inoculation during steeping, has also 
been reported (Noots et al., 1999).  
IMG accumulated 348 µg.kg
-1
 of DON, which is over 8-fold the initial level (40 µg.kg
-
1
), before malting, which could also negatively affect amylase activity (Garda-Buffon et 
al., 2010). Barley DON levels are strongly correlated with final levels in the malt and 
can influence wort colour (Schwarz et al., 2006), probably indirectly as part of the plant 
defence reactions. DON levels accumulated in the final IMG were higher than 100% 
IBG, used in this study. IMG had an increase of 27.2% in malt loss compared to the 
SMG (8.9% vs. 11.3%).  
3.5. Conclusions 
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This study shows that barley grains infected with F. culmorum do not meet the 
standards required for use in malting. The research reported here illustrates the overall 
changes occurring in mature barley grains as result of an initially controlled F. 
culmorum infection and the spread of infection during malting. We have shown how the 
fungus proliferates during malting and colonizes healthy kernels, and the consequences 
of this contamination to the final malt and wort quality. This work is of relevance for a 
better understanding of barley grain infection and biotic stress interaction. The 
contribution of enzymes, produced exogenously or induced in grains by fungal stress, is 
not fully understood and warrants further study. Additionally, the specificity of such 
enzymes towards certain barley protein fractions is of interest. 
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4.1. Introduction 
Economically, the most important use of barley is for malting and brewing purposes 
with as much as 25% of the barley produced worldwide being processed into malt 
(Dornbusch 2012). Barley, especially two-row spring barley, has been the cereal of 
choice for malt production for a number of reasons. This includes the fact that many 
varieties have been specifically bred for beer making purposes. Additionally, this type 
of barley can be homogeneously malted within a short time resulting in desired levels of 
enzyme production and high yields of fermentable extract in the wort.  
One of the primary aims of the malting process is to induce complex and synchronized 
endogenous enzymatic reactions (Bamforth 2009). In fact, one of the most important 
characteristics of malting quality is the barley grain nitrogen content, which typically 
lies between 9 and 13% (Briggs 1978). However, nitrogen from L-amino acids is about 
80% of the crude protein content, depending on the barley variety and environmental 
conditions (Newman and Newman 2008). 
Protein in barley kernels can have many different roles, such as; being structural, 
controlling developmental metabolic regulatory functions (Gorjanović 2010), or 
functioning as a nitrogen store during germination (Gorjanović 2009; Newman and 
Newman 2008). Due to this wide array of functions, the protein content is intimately 
linked with some of the most important barley malt quality attributes in the malting and 
brewing industries. Higher quality grain yields are correlated with protein 
concentrations below 11.5% (Kunze 2010) as there is a negative correlation between 
protein and starch proportions in the kernel. Conversely, protein, in the form of 
hydrolytic enzymes, is essential during malting to mobilize the endosperm and produce 
free amino nitrogen (FAN) for yeast nutrition, thus enhancing fermentation 
performance.  
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Protein also has a major influence during brewing and in the final beer quality (Steiner 
et al. 2011). It is involved in foam formation, in gushing, in the development of 
colloidal haze, and also aids yeast fermentation (Gorjanović 2009, 2010; Gorjanović et 
al. 2005). In addition, cereal proteins contribute to the nutritional value of cereal-based 
products, providing a well-balanced source of amino acids. However, they have also 
been linked with respiratory and contact allergies in humans (Gorjanović 2009; Sathe et 
al. 2005). 
Proteins also play an important role in the plant defense system. They are actively 
involved in the pathogen recognition in conjunction with other protective mechanisms, 
(Gorjanović 2009; Van Loon et al. 2006). Proteins expressed in response to Fusarium 
infection include pathogenesis-related and defense response proteins. The mature barley 
grain proteome is dominated by proteins which are directly or indirectly involved in this 
process. These proteins act synergistically and have enzymatic and inhibitory effects. 
They are able to target specific fungal cell components, thus representing an important 
protective factor for grains (Gorjanović 2009; Manners 2007). 
The microbiota present in the outer layers of the grains has been recognized as 
important contributors to malt quality and brewing enzymology (Laitila 2007). 
Specifically, barley cultivars are susceptible to Fusarium head blight (Pekkarinen 2003) 
and these types of fungal species produce various hydrolase enzymes to degrade and use 
the barley structures, such as proteins and starch, as nutrient sources (Pekkarinen 2003). 
This can result in significant alterations in the barley protein hydrolysis system. The 
fungi seem to utilize several interactive factors, which support their infection into the 
cereals. It is likely that various hydrolytic enzymes and hormone-like compounds also 
influence the rate the fungi invade the plant (Pekkarinen 2003). Furthermore, fungal 
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proteases create the nutrients for the moulds and therefore, accelerate the invasion of the 
plant. 
Malting and brewing require very well regulated enzyme synthesis which allows a 
predictable and standardized process to take place. The altered enzyme compositions 
due to Fusarium infections often render malt unsuitable for brewing (Oliveira et al. 
2012a; Schwarz 2003). 
The aim of this research is to evaluate the changes occurring, at a protein level, in F. 
culmorum infected grains. The authors have previously investigated the fungal-
mediated alterations that contribute to the lower quality of infected malt (Oliveira et al. 
2012b) and subsequent beer (Oliveira et al. 2012a). In this research, we aim to build on 
our previous knowledge by reporting characterization of the proteolytic activity in the 
infected grains, quantifying protein solubility, and analyzing specific changes in the 
various proteins which were detected. The infected raw barley and infected malted 
grains were compared with standard uninfected barley and malt as controls. 
4.2. Material 
The barley used was commercial spring malted barley (Hordeum vulgare, Quench 
variety), harvested in 2009 and supplied by the Malting Company of Ireland Ltd (Cork, 
Ireland). For this study, standard barley grains (SBG) were used as a control for the 
Fusarium culmorum infected barley grains (IBG). The standard malt grains (SMG) 
were used as a control for the 20% initially F. culmorum infected malt grains (IMG). 
All batches were produced using the infection and malting methods described by 
Oliveira et al. (2012b). Barley malt grains were kept in cool dry storage and analyzed at 
least 6 months before use. 
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Fusarium culmorum TMW 4.2043 strain was originally isolated from barley and was 
kindly provided by the Lehrstuhl füer Technische Mikrobiologie, TU-Müenchen 
Weihenstephan. 
All reagents used were at least of analytical grade and were sourced from Sigma 
Aldrich, unless otherwise stated. 
4.3. Methods 
4.3.1. Protease activity  
The protease activity of the grains was determined by hydrolysis of azocasein in the 
presence of class-specific proteinase inhibitors using a modified version of the method 
described by Loponen et al. (2007). The specific inhibitors used were: Trans-
epoxysuccinyl-L-leucylamido-(4-guanidino)butane (E-64), 0.5 mM stock as a cysteine 
protease class inhibitor; Pepstatin-A (PEP-A), 1 mM stock as an aspartic protease class 
inhibitor; phenylmethylsulfonyl fluoride (PMSF), 500 mM stock as a serine protease 
class inhibitor and; ο-phenanthroline (ο-FEN), 50 mM stock as a metalloprotease class 
inhibitor. 
A 1.4% (w/v) azocasein substrate solution in 0.2 M sodium acetate buffer, pH 5.0, was 
prepared. For protease extraction, 24 mL of chilled acetate buffer (0.05 M Na, L-
cysteine 2.0 mM, pH 5) was added to 8 g of freshly milled sample, which was 
subsequently incubated at 4 °C for 30 min at 1,000 rpm on a Vibrax VXR shaker (IKA 
Werke GmbH and Co. KG, Germany). Subsequently, samples were centrifuged at 
10,000 g for 15 min at 4 °C. 250 µL of sample extract was incubated with 5 µL of 
inhibitor stock solutions at room temperature for 5 min in 1.5 mL microcentrifuge tubes. 
The reactions were initiated by adding 350 µL of the substrate solution and incubating 
the mixture at 40 °C for 60 min. The reaction was terminated by adding 0.5 mL of 10% 
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TCA. After cooling, the reaction mixture was centrifuged (10,000 g for 10 min at 4 °C). 
A 750 µL aliquot was transferred to new centrifuge tubes and equal amounts of 0.5 N 
NaOH were added. Tubes were stirred by vortex and incubated for 20 min.  Absorbance 
was measured against the reaction blank at 440 nm, with the linearity checked every 
hour, over 4 h of incubation, without the use of inhibitors.  
4.3.2. Protein fractionation and quantification 
Freeze-dried samples were milled to fine flour. Proteins were sequentially extracted 
according to Osborne fractionation (Osborne 1907) using a modified version of the 
method described by Klose et al. (2009). Each extraction was carried out at room 
temperature for 15 min at 2,500 rpm on a Vibrax VXR shaker and centrifuged 
afterwards at 4 °C, 10,000 g for 10 min. Extractions were kept on ice for immediate use.  
Firstly, 200 mg of sample were extracted twice with 500 µL of deionized water 
(albumin fraction) in 2 mL microcentrifuge tubes. The residue was extracted twice with 
500 µL of 0.5% NaCl (globulin fraction). The remaining residue was extracted twice 
with 500 µL of 55% 1-propanol and 1% DTT (prolamin fraction). The resultant residue 
was used to extract the glutelin fraction twice, with a solvent containing 3 M urea, 15% 
glycerol, 0.1% SDS, 0.1M Tris, pH 8.8, and 1% DTT.  
Supernatants were only collected from the more concentrated solution extracted of each 
Osborn protein fractionation step. Protein concentration was determined by the protein-
dye binding method of Bradford (Bradford 1976), using bovine serum albumin (BSA) 
as the standard. 
4.3.3. Capillary electrophoresis protein analysis 
Capillary electrophoresis was done using the Lab-on-a-Chip system (Agilent). Extracted 
protein solutions were adjusted to the same protein concentration. A 4 μL aliquot of 
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each standardized protein fraction was denatured as described in the user manual 
(Agilent).  
After dilution with deionised water, samples were applied to the Protein 80+ LabChip 
for analysis in the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). 
The detection was in a molecular weight (MW) range between 4.5 and 95 kDa. Results 
are shown in an electropherogram (graphic representation of protein peaks and 
intensities), where the intensity of bands equals the peak heights in the 
electropherogram and a simulated gel-like image (equivalent to PAGE gel format).  
4.3.4. Two-dimensional (2D) gel electrophoresis of protein storage 
fractions 
Barley hordenin fractions were analyzed by 2D gel electrophoresis. Protein solutions 
were purified with Micro Bio-Spin 6 Chromatography columns (Bio-rad). For 
isoelectric focusing (IEF), equal volumes of purified hordenin solution and rehydration 
buffer (Bio-rad) were mixed. 200 μL were loaded to 11 cm, pH 4-7, ReadyStrip IPG 
Strips (Bio-Rad) in a PROTEAN IEF cell (Bio-Rad). The system temperature was 20 
°C and the current set to 45 µA per strip. The running conditions were as follows: active 
rehydration (50 V); 12 h, linear 250 V; 20 min, linear 8,000 V; 2.5 h and rapid 8,000 V; 
20,000 V/h. Subsequently, the IPG strips were equilibrated for 15 min, in a buffer 
containing 50 mM TrisHCl pH 8.8, 6 M urea, 30% glycerol, 2% SDS and 130 mM 
DTT, followed by another 15 min in the same solution except DTT was replaced with 
130 mM iodoacetamide and 0.001% of bromophenol blue. 
SDS-PAGE was performed in a Criterion Dodeca cell (Bio-Rad) using Ready Precast 
SDS-PAGE gels (Bio-Rad), 10-20% Tris-HCl (Bio-rad) at 20 °C, sealed with 
Tris/glycine/SDS running buffer (Bio-Rad). The gels were run at constant voltage (200 
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V) for 1 h. Gels were stained in Coomassie brilliant blue R solution (0.1% Coomassie 
Blue R-250 in 40% methanol (MeOH), 10% acetic acid (HOAc)) for 1 h. Subsequently, 
gels were incubated in de-staining solution (40% MeOH, 10% HOAc) until a clear 
background was obtained. An E. coli protein standard was used to validate SDS-PAGE 
results. 
4.3.4. Statistical analyses 
All analyses were run in duplicate, with three independent replicates, at least. SigmaPlot 
11.0 software was used to apply the normality test (Shapiro–Wilk) and equal variance 
test to validate differences in mean values with more than 95% confidence interval 
(P<0.05) and apply Student's t-test evaluations of difference in mean values to detect 
statistically significant differences between the control and infected grain values. A line 
representing the average values is used in the electropherogram analysis. 
4.4. Results and Discussion 
4.4.1. Proteolytic activity 
Mature barley grains have a small amount of active enzymes with the majority being 
present in bound and insoluble forms. Most of the proteases are activated and/or 
synthesized during the early phases of grain germination upon hydration, and will act 
during the malting and brewing processes (Jones 2005b). Additionally, barley grains 
have innate soluble protease inhibitors that form tight complexes with proteases in 
solution (Jones 2001). The detectable proteolytic activity starts to increase at the end of 
the steeping stage, reaching its maximum activity approximately 3 days after 
germination. Most of the barley native proteases fall into one of the four classes: 
cysteine proteases, aspartic proteases, serine proteases and metalloproteases (Jones 
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2005b). At pH 5.0, all enzyme classes are active with a drop in activity of more than 5-
fold when the pH raises from 5.1 to 6.6 (Jones and Budde 2003). 
There is evidence that Fusarium mould species contribute to higher proteolytic activity 
in malt grains during the early stages of fungal invasion (Oliveira et al. 2012b; Schwarz 
et al. 2002), either triggered by barley pathogenesis-related proteins, fungal proteases 
(Pekkarinen 2003), or a combination of both. The challenges arising from additional 
exogenous enzymes and inhibitors present in the barley grains may affect the rate and 
extent of protein breakdown occurring during germination and malt mashing 
(Gorjanović 2009).  
The proteolytic activity was analyzed in barley and malt grains, using four specific 
inhibitors for each main barley protease class and the results are depicted in Figure 8.  
 
 
Figure 8. Protease activity, including; metalloproteinases, cysteine proteinases, serine 
proteinases, aspartic proteinases, and non-inhibited fractions, derived from standard 
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barley grains (SBG), infected barley grains (IBG), standard malt grains (SMG), and 
infected malt grains (IMG). Control (C) is uninfected standard barley grains sanitized 
and incubated. 
 
The comparison of SBG and IBG total proteolytic activities show a significant increase 
(> 83%) when the barley grain was infected with F. culmorum, thus insinuating that the 
increased proteolysis is a feature of barley fungal pathogenesis. In SBG, the major 
fraction of proteolytic activity (33%) was non-inhibited, followed by the PEP-A-
inhibited fraction (24%). All four protease classes increased in IBG, with PEP-A 
inhibiting the biggest protease fraction (28%) with only a residual non-inhibited fraction 
detected.  
The washing and incubation steps during IBG preparation marginally increased the 
protease activity in all four groups. This indicates that F. culmorum infection caused the 
increased proteolytic activity, either directly or indirectly. Also, the aspartic proteinases 
are the most active proteases responsible for inhibition of the azocasein hydrolytic 
activity in barley grains. As such, aspartic proteinases might have an important role in 
the protein hydrolysis mechanism, in the aleurone cells, before malting (Törmäkangas et 
al. 1994), even if they are not directly involved in storage protein solubilization during 
malting (Jones 2005b). 
After malting, an increase of greater than 2.6-fold was seen in SMG proteolytic activity 
(Figure 8). All proteinase fractions were detected in significantly greater amounts with a 
notable increase resulting from the E-64 azocasein hydrolytic inhibition which 
accounted for 48% decrease in total proteolytic activity. The four protease classes 
showed comparable activities in SMG and IMG. 
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Cysteine proteases were the main proteases being produced during malting, independent 
of fungal infection. These are clearly the predominant proteinases in malted barley 
grains, contributing almost half of the total proteolytic activity. This supports their 
important role in the mobilization of grain reserves during malting and mashing, which 
leads to the inevitable hydrolysis of barley proteins. These findings correlate well with 
previous studies (Jones 2005b; Jones and Budde 2003; Loponen et al. 2007). According 
to Jones (2005b), metalloproteases can also play an important role in the solubilization 
of proteins during mashing at higher pH values ranging from 5.8 to 6.0. 
Results show that the fungal infection coincided with premature proteolytic activation in 
grains, either by supplementing exogenous proteolytic enzymes, affecting the 
endogenous enzymes directly, or by altering endogenous enzyme inhibitors. F. 
culmorum produces proteinases which are biologically active at pH 5-8 (Pekkarinen et 
al. 2000; Pekkarinen and Jones 2002). In addition to this, F. culmorum can produce 
different proteinase types e.g. subtilisin- and trypsin-like proteinases which are 
responsible for degradation of barley storage proteins (Pekkarinen and Jones 2002; 
Pekkarinen et al. 2002). The production of the proteases is important for the barley 
fungal defense response, which includes changes in the secondary metabolism (Dixon 
2001) or induction of barley fungal-cell-wall-degrading enzymes such as; chitinases, 
glucanases, peroxidases, ribonucleases, or inhibitory effects such as affecting enzyme 
inhibitors (Geddes et al. 2008; Gorjanović 2009; Pekkarinen 2003). These reasons may 
explain the difference between the proteolytic activity of both barley grains (SBG and 
IBG). 
In correlation to the premature yeast flocculation seen in a previous study, from Oliveira 
et al. (2012a), it is possible that specific fungal cell wall-degrading enzymes, such as 
xylanase, are present, which can release arabinoxylans or pectins from the malt husk 
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that subsequently bind to lectins resulting in excessive flocculation. Confocal laser 
scanning microscopy (CLSM) analyses showed that F. culmorum degrades cell wall 
components and endosperm matrix proteins (Oliveira et al. 2012b). This indicates that 
fungal cell wall degrading enzymes assist in this fungal pathogenesis towards IBG 
(Kang and Buchenauer 2000). 
There was no significant increase in IMG proteolytic activity, in comparison to SMG. 
Even though barley protease activity is not affected during kilning (80 °C), some 
denaturation might occur in other protein types from 68 °C upwards (Jones et al. 2000). 
Also, due to the degraded internal structure in infected grains, enzymes produced during 
fungal incubation can leach into steeping waters. It is known that the vitality of IBG is 
strongly affected by fungal colonization during malting (Oliveira et al. 2012b). This 
involves embryo death, thus partially affecting enzyme synthesis in the scuttelum 
(Zhang and Jones 1995). In addition, malted barley has a higher content of available 
proteases than inhibitors; hence all of the inhibitors form complexes with proteases 
(Jones 2001; Jones and Marinac 1995) and this portion of bound enzymes are inactive. 
As a result, proteases which are inhibitor-bound can remain undetected in malt extracts 
(Jones 2001; Jones 2005a). Secondly, differences in detection of protease activity may 
rise due to variations in the enzyme assay substrates used. Moreover, differences in the 
proteolytic activities might rise due to the multiplicity of proteases with different 
substrate affinities.  
4.4.2. Protein fractions 
Protein is the second most abundant component in barley grain after starch (Wang et al. 
2010), representing 8-17% of the total kernel dry weight (Baik and Ullrich 2008). 
Barley proteins are traditionally classified according to their solubility in aqueous 
Chapter 4. Impact of F. culmorum infection on the protein fraction 
 
119 
 
solutions. The Osborne fractions include: albumins which are soluble in water; 
globulins which are soluble in dilute salt; prolamins which are soluble in dilute alcohol; 
and glutelins which are soluble in dilute acids or alkali, detergents or alcohol/water 
mixtures. In the glutelin fraction, a reducing agent (usually DTT) is included to reduce 
inter-chain disulfide bonds, due to its high proportion of non-polar amino acid residues 
and high surface hydrophobicity. 
Barley proteins can also be classified according to their biological function. Albumins 
constitute approximately of 11% of the total barley protein and primarily represent 
metabolic activity proteins (enzymes). Globulins make up approximately 15% of the 
total barley protein and generally have structural functions. Prolamins, including 
glutelins, are the major barley storage proteins (Tatham and Shewry 2011) and make up 
40%, while glutelins constitute about 15% of the total protein content.  
The optimal starting levels and compositions of proteins are a pre-requisite to obtain the 
best quality malt for beer production (Gorjanović 2010). However, upon infection by 
Fusarium species, fungal proteinases are responsible for hydrolysis of endogenous 
barley proteins, including nutrient-related proteins as well as degrading cell wall and 
carbohydrate reserves. (Oliveira et al. 2012a; Walter et al. 2010). In addition, 
pathogenesis related proteins can accumulate in specific grain sections. For these 
reasons, Fusarium can have a major impact on the different barley protein fractions and 
can influence the malt quality, brewing efficiency, and the final beer quality 
(Gorjanović 2009, 2010).  
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Figure 9. Soluble protein concentrations divided into albumins, globulins, prolamins 
and glutelins, extracted from standard barley grains (SBG), infected barley grains 
(IBG), standard malt grains (SMG) and infected malt grains (IMG). 
 
Figure 9 shows the concentrations of the different soluble protein fractions extracted 
from the barley and malt grains. There is a significant increase of greater than 30% in 
IBG extracted soluble protein, in comparison to SBG. This is primarily due to the 
increased solubility in the albumin and glutelin fractions. Storage proteins (prolamins 
and glutelins) account for the majority of SBG and IBG soluble protein at levels of 67% 
and 62%, respectively. Prolamins are the predominant fraction in SBG (39%), while 
glutelins are the predominant fraction in IBG (35%). The changes in the total protein 
and also storage fractions ratio have implications in malting quality by affecting the 
grain hydration (Molina-Cano et al. 1995). The globulin fraction represents the minority 
in the barley grains, independent of F. culmorum infection. The higher protein 
extractability obtained from IBG occurs in parallel to an increase in proteolytic activity 
(Figure 8). For this reason, it is logical that the higher proteolytic activity caused by 
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fungal infection leads to an increased protein extractability. This indicates that fungal 
infection assisted the protein solubility through its penetration and degradation of the 
barley cell wall and contributed to a higher content of FAN in the wort which was 
subsequently produced (Oliveira et al. 2012a).  
SMG and IMG protein concentrations were not significantly different after malting 
(Figure 9). This might indicate that any increases in protein solubility related to fungal 
infection (as seen in IBG) may be lost during soaking (steeping) through the damaged 
IMG cell walls and other structures, which remain uncompromised in the SMG. 
Another hypothesis is that proteins which could be hydrolyzed by fungal proteases may 
already have been fully solubilized during the malting process. As such, there are no 
visible differences detected between the SMG and IMG. 
The storage protein fraction in SMG accounted for 58% of total soluble protein which 
was 61% for IMG. Despite the comparable total storage protein concentrations, there 
was a shift from a majority of prolamins (52%) in SMG towards a majority of glutelins 
(61%) in IMG. This is likely due to changes in hydrolytic activity caused by F. 
culmorum infection, as discussed in the previous section (3.1).  
The results from Figure 9 show that the majority of the grain’s protein has storage 
functions, in agreement with previous literature reports. Normally, there is a decrease in 
storage proteins and an increase in some metabolically active proteins during malting 
(Gorjanović 2010). However, degradation of proteins to small peptides and amino acids 
occurs in all fractions under standard conditions. During malting, SMG had a 
pronounced decrease in storage proteins in comparison to IMG (9% and 1%, 
respectively). This reflects the 5% extra solubility in the IBG proteases during the 
fungal infection. 
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Within the non-storage protein fractions, globulins were always present in lower 
amounts ranging from 10 to 14%, possibly playing a minor role in the barley hydrolytic 
protein profile. 
4.4.3. Metabolically active protein: Albumins and Globulins 
Metabolically active proteins are comprised of those such as enzymes which are 
primarily found in the aleurone and embryo, and structural components of cell walls 
which are bound in the protein matrix. Albumins in barley (Leucosin) consist of 16 
different components and have an average MW of 70 kDa. Albumins are high in lysine 
and threonine and coagulate with heat (>80 °C) (Folkes and Yemm 1958). Conversely, 
globulins in barley (Edestin) consist of 4 components (α, β, γ, δ) and are high in 
threonine. They generally occur in protein bodies which are confined to the aleurone 
layer and embryo. 
Figure 10A shows the electropherogram of infected barley and malt grain albumin with 
their respective controls. There were 13 distinguishable peak areas detected. The SBG 
and SMG albumin electropherograms show a typical protein peak distribution profile 
(Klose 2010). However, grains infected with F. culmorum showed complex profile 
variations. During fungal incubation, certain protein peaks were only slightly altered 
(Peaks 1, 2, 4, 6, 7, and 9, Table 8). Electropherogram peaks likely representing proteins 
related to antifungal pathogenic are activated (Peak 5, Table 8) (Eggert et al. 2011, 
Finnie et al. 2011; Gorjanović 2009; Perrocheau et al. 2005). Other protein peaks are 
significantly deminished (over 20%) during F. culmorum barley infection (Peaks 8, 11, 
12 and 13, Table 8). These proteins were likely to be used by F. culmorum for its 
nutritional and developmental needs. Most peaks seem to be associated with the native 
barley proteins due to their similar distribution patterns, although the concentrations 
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were significantly different in some cases. This confirms that F. culmorum has a 
significant impact on barley albumin hydrolysis. 
After malting, the majority of the protein peaks changed significantly (Table 8) and a 
newly formed peak (Peak 3, Table 8) is observed. This might be a degradation product 
resulting from the malting process. Peaks which have increased intensities in IMG over 
SMG (Peaks 1-5) may suggest that their production was induced, either directly or 
indirectly, by F. culmorum. Potential identities of individual protein peaks are listed in 
Table 8.  
Lipid Transfer Proteins, like that represented by peak 2 (Table 8) are known to inhibit 
cysteine proteases, and are located in the aleurone layers. Trypsin/α-amylase inhibitors 
(Peaks 3 and 4) inhibit serine proteases and are also involved in the protection of barley 
starch against enzymes from pathogens. It was previously seen that barley 
chymotrypsin/subtilisin inhibitors and barley α-amylase/subtilisin inhibitor (BASI), all 
inhibited the F. culmorum serine proteinases (Pekkarinen and Jones 2003). Similar 
results were reported for wheat, where pathogenesis related proteins accumulated during 
F. culmorum pathogenesis (Caruso et al. 1999). 
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Figure 10. Albumins (A) and Globulins (B) electropherogram profile for standard 
barley grains (SBG) as dark blue, infected barley grains (IBG) as dark red, standard 
malt grains (SMG) as light blue and infected malt grains (IMG) as light red. 
 
On the other hand, certain protein peaks are less intense in IMG than SMG (Peaks 6 – 
13). This indicates that F. culmorum degrades the high molecular weight (HMW) 
proteins to some extent or interferes with their transcription. IBG were incubated for 
120 h and, during this time, the production and accumulation of the mycotoxin 
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deoxynivalenol (DON) (Oliveira et al. 2012a) may also be partially responsible for 
inhibition of protein synthesis (Kang and Buchenauer 1999). Protein Z, which is also 
represented in Table 8, is usually the most abundant protein in malt and beer and has 
been identified as a major beer antigen (García-Casado et al. 2001). Barley peroxidases, 
protein Z-type serpin (~40 kDa), possible protein Z isoforms (Gorjanović 2010), 
xylanase inhibitors, and 1,3-β-glucanase (Finnie et al. 2011) are also observed in the 
albumins fraction of all samples though in different proportions (Table 8). β-Amylase is 
also observed in this fraction (Ziegler 1999). Protein peak 11 decreased in SMG, 
however, it increased in IMG. This increase is likely to be due to the 80% standard 
barley grains mixed into the malted batch, rather than an increase in the protein of the 
infected grains. Both protein Z and LTP 1 are related to foam formation, stability and 
beer haze. Both proteins can be found in the aleurone layer (Klose 2010) and are likely 
represented by peaks 2 and 8 in Figure 10. Therefore, the changes that occurred in these 
protein peaks are probably partially responsible for changes in the beer foam stability 
(Oliveira et al. 2012a). 
In contrast to albumins, the globulin electropherogram appears much simpler (Figure 
10B), with a 77% and 89% reduction in SBG and SMG protein areas, respectively. Only 
7 low intensity distinct peaks were detected (Table 8). Three protein peaks were 
significantly degraded after fungal infection (IBG) (Peaks 3, 6 and 7, Table 8). This 
confirms that F. culmorum infection was directly responsible for their degradation or 
induced excessive endogenous barley protease activity resulting in their hydrolysis. The 
majority of peaks detected in raw barley grains were degraded to a certain extent or in 
their entirely during malting. This indicates a likely storage protein function for these 
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Table 8. Protein peaks identified in standard barley grains (SBG), infected barley grains (IBG), standard malt grains (SMG), and infected malt 
grains (IMG), using size exclusion chromatography.  
Osborne 
fractions 
Protein 
peak (kDa) 
SBG 
Fungus 
impact: 
barley 
protein 
IBG 
Malting 
impact 
SMG 
Fungus 
Impact: 
malt 
protein 
IMG 
Theoretical references 
Area 
% 
Total 
Area 
Total 
% 
Area 
Total 
% 
Area 
Total 
% 
A
lb
u
m
in
s 
1 9 229 39 ↓ 190 36 ↓↓ 107 19 ↑ 127 21 LTP 2; Subtilisin-chymotrypsin inhibitors a, b 
2 12.5 94 15 ↓ 80 14 ↓↓ 37 6 ↑↑ 66 10 LTP 1 a; Barwin protein a, b 
3 15 - - = - - ↑↑ 35 5 ↑ 39 6 Trypsin/α-amylase Inhibitor a; Barwin c 
4 18 57 8 ↓ 51 8 ↓↓ 11 2 ↑ 13 2 
Trypsin/α-amylase Inhibitor a; Thaumatic-like 
protein a 
5 21-26 80 11 ↑↑ 118 17 ↑↑ 138 18 ↑ 150 19 
Thaumatic-like protein a; BASI precursor a; 
Peroxidoxin d; chitinases a, c 
6 29 13 2 ↑ 15 2 ↑↑ 24 3 ↓ 20 2 
Ribosome inactivating protein 1 a; chitinases c; 
xylanase inhibitors c 
7 37 74 8 ↓ 66 8 ↑ 83 9 ↓ 69 8 Barley grain peroxidise 1 a; cysteine proteinases c 
8 40 54 16 ↓↓ 27 3 ↑ 64 7 ↓ 56 6 
Protein Z-type serpin a; peroxidase d; 1,3-β-
Glucanase c 
9 43 11 2 ↑ 12 2 ↑↑ 104 11 ↓ 84 9 Protein Z-type serpin a 
10 55 11 1 ↑↑ 14 2 ↑↑ 107 10 ↓ 89 9 β-amylase c 
11 62 59 5 ↓↓ 20 2 ↓↓ 44 4 ↓ 39 4 Unknown 
12 79 2 <1 ↓↓ - - ↑↑ 12 1 ↓↓ 9 1 Unknown 
13 84 5 <1 ↓↓ 2 <1 ↓ 1 <1 ↓↓ - - Unknown 
G
lo
b
u
li
n
s 
1 9.6 25 18 ↑ 30 26 ↓ 27 32 ↑ 29 24 Unknown 
2 14 25 17 ↑ 25 20 = 14 16 ↑↑ 28 39 Unknown 
3 18 33 21 ↑ 23 18 ↓ 9 9 ↑↑ 22 16 Unknown 
4 25-26 25 14 ↑ 28 19 ↑ 19 17 ↑↑ 28 18 Unknown 
5 29 4.2 2 ↑ 5 3 ↑ 4 3 ↓↓ - - Unknown 
6 42 25 12 ↓ 13.9 8 ↓ 13 2 ↑↑ 24 12 Nutrient reservoir 
7 54.5 22 10 ↓ 5.9 3 ↓↓ 3 2 ↑↑ 5 1 Nutrient reservoir 
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Osborne 
fractions 
Protein 
peak (kDa) 
SBG 
Fungus 
impact: 
barley 
protein 
IBG 
Malting 
impact 
SMG 
Fungus 
Impact: 
malt 
protein 
IMG 
Theoretical references 
Area 
% 
Total 
Area 
Total 
% 
Area 
Total 
% 
Area 
Total 
% 
P
ro
la
m
in
s 
/ 
G
lu
te
li
n
s 
1 6 2 / 3 <1 / 2 ↑↑ 14 / 8 3 / 2 = - / 5 - / 4 ↓↓ - / 2 - / 2 Pathogenesis related protein 
2 9.6-20 133 / 42 18 / 22 ↓ 108 / 58 22 / 15 ↓↓ 95 /3 7 46 / 47 ↓↓ 68 / 35 49 / 27 Protein residues; A-hordeins 
3 23 - - / - ↑↑ 9 / 19 2 / 4 = - / - - / - ↑↑ - / 6 - / 4 Fungal hydrophobin 
4 39 14 / 42 1/ 15 ↑↑ 16 / 63 2 / 11 ↓↓ 6 / 24 2 / 11 ↓↓ - / 15 - / 8 B-hordeins 
5 57 495 / 98 41 / 32 ↓ 328 / 249 42 / 39 ↓↓ 97 / 69 29 / 27 ↓↓ 66 / 62 30 / 29 C-hordeins 
5i 64 - / 32 - / 10 ↓ - / 28 - / 4 ↓↓ - /12 - / 4 ↓↓ - / 1 - / <1 D-hordein (fragment) 
6 84 531 / 53 38 / 15 ↑↑ 241 / 157 26 / 21 ↓↓ 48 / 67 12 / 23 ↓ 34 / 58 13 / 24 D-hordein 
Legend: ↓ / ↑ is a decrease/increase in peak area ≤ 20% (SBG to IBG; SMG to IMG); ↓↓ / ↑↑ is a decrease/ increase in peak area > 20% (SBG to 
IBG; SMG to IMG). 
a 
Gorjanovic, 2009. 
b 
Perrocheau et al, 1005. 
c
 Finnie et al, 2011. 
d
 Eggert, 2011. 
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peaks (Klose 2010). The total protein concentrations of SMG and IMG were 
comparable. However, it was noted that most of IMG protein peaks were present in a 
higher intensity. 
Due to the small peak concentrations detected in the globulin fraction (dilute salt 
soluble), it is likely that a certain proportion of these proteins pass into the aqueous 
phase during extraction owing to the presence of inorganic salts derived from plant 
tissues, as in the case of β-amylase.  
The premature digestion of barley proteins during fungal infection indicates that they 
are likely used by F. culmorum to aid in its colonization. The embryo is the first region 
of barley grains to be affected in the early stages of the fungal infection (Oliveira et al. 
2012b). As such, both albumin and globulin proteins degraded during the initial fungal 
infection are likely to be located in this region. This degradation has been reported in 
literature during the infection of field barley grains (Pekkarinen 2003). 
Enzyme inhibitors normally constitute of the largest group of water-soluble proteins 
which have been identified in barley and malt, including; serpin-like chymotrypsin 
inhibitors, amylase-protease inhibitors, and lipid transfer proteins (Perrocheau et al. 
2005). 
4.4.4. Storage protein fractions: Prolamins and Glutelins 
Storage proteins form a matrix which surround starch granules in the endosperm and 
provide a nitrogen source for the embryo during germination. Prolamins of barley 
(hordeins) are generally rich in proline and glutamine. It is a complex polymorphic 
mixture of polypeptides divided into 4 sub-fractions. Based on the protein structure, 
shape, MW, and overall electrophoretic mobility there are; sulfur rich (B and γ), sulfur 
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poor (C), and HMW hordeins (D), of which, B-hordeins are dominant (~75%) (Klose 
2010).  
The glutelin fraction of barley (hordenin) has a high proportion of glutamine, proline 
and glycine (Wang et al. 2010) and additionally, are relatively high in the most limiting 
cereal essential amino acid – lysine. This protein fraction is also enriched with 
hydrophobic amino acids (proline, leucine, alanine and valine). These are believed to be 
located in the aleurone layer and have been associated with structural functions. 
Glutelins are known as the HMW proteins of barley and represent mostly the 
unextracted fractions of the hordeins and other residuals. A large proportion of hordeins 
(prolamins) are found in the glutelin extraction step due to their compact disulfide 
bound protein core (Shewry and Casey 1999) which cannot be readily solubilized in 
dilute alcohol, but becomes soluble under reducing conditions combined with acid/base 
treatments (Glutelin Osborne fraction). This causes exposure of the hydrophobic part of 
the hordein group proteins and thus, makes them extractable with the glutelins which is 
the most hydrophobic Osborne protein fraction. For this reason, reducing conditions are 
limited to extraction of only approximately half of the hordein fraction. As such, both 
hordein and hordenin fractions are now considered to be prolamins and analyses of the 
latter protein type may also include for the former fraction. 
The barley prolamin electropherogram is shown in Figure 11A and the glutelins in 
Figure 11B. The latter represents the hydrophobic fraction of the proteins in contrast to 
the hydrophilic prolamins fraction. The prolamin profile showed 6 notably peak areas, 
with more intense protein peaks greater than 35 kDa (Table 7).  
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Figure 11. Prolamins (A) and Glutelins (B) electropherogram from standard barley 
grains (SBG) as dark blue, infected barley grains (IBG) as dark red, standard malt 
grains (SMG) as light blue and infected malt grains (IMG) as light red. C) 2D-SDS-
PAGE of the glutelin protein fraction from standard barley grains (SBG) and infected 
barley grains (IBG). 
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One peak with significantly higher concentration in IBG, when compared to SBG with a 
hydrophobic fraction (glutelins) is present in equal amounts in SBG and IBG (Peak 1). 
This hydrophobic peak may be of fungal origin or alternatively, is an endogenous 
protein whose production was triggered by the F. culmorum infection. Protein areas 
which are significantly degraded (over 20%) during malting are likely storage proteins. 
Protein peak 2 is likely to be attributed to A-hordeins, δ-hordeins (< 20 kDa). Peak 3 
shows a 50% hydrophilic/hydrophobic character as illustrated by its separation into 
prolamin (50% peak 3) and glutelin (50% peak 3) fractions (Figures 11A and B). This 
peak is only present in IBG and thus, is likely a fungal hydrophobic peptide involved in 
the infection stage (Hégrová et al., 2009). It is very unlikely to be a barley protein 
related to protection of the grain due to infection as this peak (Figure 11B, peak 3) is not 
detected in standard barley or malt. Fusarium species can produce hydrophobins during 
the formation of aerial mycelia and sporulation structures, which help in the attachment 
of the fungus to the waxy surface of the host plant (Walter et al., 2010). This small 
fungal proteins (<20 kDa) can act as gushing factors even if present at low 
concentrations (Sarlin et al., 2005). The protein associated with peak 4, in Figures 11A 
and B, has a more hydrophobic character (over 70%) and it is not affected by the fungal 
infection as illustrated in the electropherogram. This peak is degraded during the 
malting process and is likely to be a B-hordein (35-46 kDa) (Klose, 2010). The major 
difference between SBG and IBG was seen in peak 5 (57 kDa) and 6 (84 kDa). From 
glutelin diagram, is evident that the same 6 peaks which were detected in the prolamin 
fraction (1-6) are also present. However, one new protein peak is also shown (5i) which 
may be a breakdown product from HMW proteins (Klose, 2010).  
The overall storage protein (hordein and hordenin combined) concentration did not 
differ between the SBG and IBG. Protein represented in peak 5 (Figure 11) showed an 
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81% hydrophilic character (prolamin) in SBG, which was reduced to 56% in IBG. 
Fungal infection resulted in increased protein degradation during malting. Peak 5 
(Figure 11A and B) is likely to be a C-hordein (55-75 kDa). C-hordeins are primarily 
readily soluble in aqueous/alcohol solutions, which explain the higher hydrophilic 
proportion of this protein fraction (Figure 11A). The only new protein peak detected in 
every sample in the Osborne glutelin fraction is a protein with a MW of 64 kDa (5i). 
This protein was not affected by fungal incubation for unmalted barley. However, 
during malting, it was further degraded as seen when comparing peak 5i in SMG and 
IMG. The overall relative protein concentration (prolamin and glutelins combined) in 
the electropherogram peak area 6 was significantly lower in IBG than SBG. In addition, 
SBG had an 85% hydrophilic character (prolamin fraction), which was reduced to 58% 
in IBG. After malting, the hydrophobic peak character (glutelin fraction) in infected 
grains decreased such that SBG is the same as SMG and IMG. Peak 6 is likely to be a 
D-hordein storage protein. Overall, it is apparent that F. culmorum infection can 
increase the hydrophobicity of prolamins, thus only allowing their solubilization with 
the glutelin fraction which may have implications during the brewing process. 
The majority of the hordein peaks were fully degraded during malting since these are 
storage proteins. It is well established that greater storage protein degradation is directly 
related to a better quality grain for malting and brewing purposes (Šimić et al. 2007). 
Although large proline-rich polypeptides influence chill haze formation in beer, smaller 
hydrophobic polypeptides, like hordein protein glutelin (peaks 1 and 4, Figure 11B), 
have positive effects on foam formation, which might contribute to better foam stability 
in brewing with IMG than SMG (Oliveira et al. 2012a). 
The main changes caused by fungal infection were evident in the protein storage 
fractions of infected raw barley grains. Therefore, in order to obtain more information 
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about the infected barley storage proteins profile, 2D gel electrophoresis (GE) was 
performed. The 2D SDS-PAGE results from SBG and IBG hordenin fractions are 
depicted in Figure 11C. The importance of the observed differences lies in knowing 
whether particular proteins are exogenous fungal infection proteins or protective 
endogenous activities, thus providing further understanding of fungal-barley 
interactions. The small hydrophobic peptides found before were not present in the 2D 
GE, however, a protein area of interest with a pI at pH 4.5 was much more concentrated 
in IBG (Figure 11C). This area is likely to include pathogenesis related proteins, which 
are resistant to proteolysis and thermal degradation at low pH. Hordeins detected in 
previous studies were found to have a pI above pH 6.0 (Perrocheau et al. 2005). These 
results illustrate that IBG shows a complete different protein profile, in comparison to 
SBG. In addition, it shows that after 120 h of fungal incubation, F. culmorum reaches 
the storage protein fractions of mature barley grains and displaces their inner structures.  
4.5. Conclusions 
The infection of barley grains with F. culmorum resulted in a significant change in the 
proteolytic activity and the different Osborne protein fractions of barley grains. It was 
possible to draw parallels between the protein analyses data and the physicochemical 
modifications which occurred during the malting and brewing processes of infected 
grains. During fungal infection, the proteolytic activity increased significantly, in 
comparison with the control. The extractable protein content also increased when the 
grain was infected with F. culmorum, which resulted in complex changes in the albumin 
fraction. Additionally, storage proteins displayed a clear modification towards a more 
hydrophobic nature with considerable degradation of HMW proteins. After malting, the 
proteolytic activity was comparable between the infected and non-infected samples. 
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Cysteine proteases accounted for almost half of the total activity in barley malt. The 
primary malt constituents were metabolically active proteins and low molecular weight 
(LMW) breakdown products of storage and possibly structural proteins. Overall, it can 
be concluded that F. culmorum infection of barley and malt grains is detrimental to the 
synthesis of endogenous barley metabolic proteins and additionally, causing accelerated 
storage protein degradation. 
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5.1. Introduction 
Big breweries can produce over 500 million litters of beer per year, where high and 
uniform quality is an essential criterion for success (Linko et al. 1998). With a world 
production above 1.8 billion hectolitres annually, the global beer market growth is now 
over 2%, mainly due to strong performances in emerging markets like Asia, Africa and 
Latin America (Barth-Haas Group 2010; SABMiller 2011). Beer production is mainly 
based on barley malt which is the most common brewing material worldwide (FAO 
2009). 
It is well known that wort fermentability is a very complex process depending on many 
different malt quality parameters. High endosperm modification is one the most 
important factors in achieving a good degree of fermentation (Edney et al. 2007). The 
extent of the malt modification is directly related to the final wort quality (Kuhbeck et 
al. 2005). 
Fungi from Fusarium species have been seen to affect wort and final beer 
characteristics (Haikara 1983; Wolf-Hall and Schwarz 2002). In a previous study from 
Oliveira et al. (2012), barley grains were infected in vitro and malt was produced with a 
20% initially infected barley grains. Initially infected barley grains were seen to go 
through several chemical and physical changes that negatively affect both yield and 
quality of the final malt produced. These changes included the increase accumulation of 
the mycotoxin DON in malt (348 µg/kg), from the initial DON concentration (199 
µg/kg) in infected barley grains, comparable to levels of DON naturally accumulated in 
the field analyzed by Sarlin et al. (2009). In addition, contaminated malt also showed a 
completely different pattern of enzyme hydrolysis, in comparison to the uninfected 
control (Oliveira et al. 2012). 
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In brewing, the boiling process kills any microorganisms present, but highly 
thermostable mycotoxins, like DON, will not be inactivated during this heat treatment 
(Hazel et al. 2004; Schwarz 2003; Wolf-Hall and Schwarz 2002; Wolf-Hall 2007). 
The transfer of mycotoxins into the final product is dependent on the pattern of 
Fusarium infection in the grains and on the brewing process (Bullerman and Bianchini 
2007; Hazel et al. 2004). Fusarium infected malt can transfer DON to beer, spent grains 
and rootlets (Schwarz et al. 1995). DON and its conjugates transferred to beer can 
increase its concentration during brewing, which happens when the cell wall degrading 
enzymes release the mycotoxins from their insoluble form during mashing (Kostelanska 
et al. 2009; Lancova et al. 2008). The latest EU regulatory limit established for DON in 
processed cereal-base products is 200 µg/kg, and the Scientific Committee on Food 
established opinion on tolerable daily intake of 1 µg/kg. 
Fusarium can also produce hydrophobins, which are fungal surface-active proteins that 
induce gushing in carbonated beverages including beer (Shokribousjein et al. 2011; 
Stübner  et al. 2010; Wang et al. 2010) Furthermore, hydrophobins are also released from 
malt into wort during mashing (Sarlin et al. 2007). Barley and malt contaminated with 
DON have more propensity to produce gushing inducing factors than non-contaminated 
barley. (Munar and Sebree 1997). 
The presence of Fusarium mycotoxins in commercial beer have been reported 
worldwide during the last number of years (Lancova et al. 2008). The mycotoxins DON 
and nivalenol (NIV) remain persistent in the beer production chain (Kostelanska et al. 
2009). The presence of Fusarium infected malt as part of the brewing raw material can 
lead to several processing and quality problems in beer (Wolf-Hall and Schwarz 2002; 
Wolf-Hall 2007). Very often, brewing yeast strains have shown sensitivity towards 
Fusarium mycotoxins, which can lead to an inhibition of yeast growth. Dependent on 
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the toxin type, yeast strain, and fermentation conditions has been reported (Boeira et al. 
2002; Boeira et al. 1999a; Boeira et al. 1999b). DON has been shown to inhibit yeast 
growth from concentrations of 100 µg/mL upwards (Boeira et al. 1999b). Also, 
premature yeast flocculation has been linked with fungal contaminations (Axcell et al. 
2000; Blechova et al. 2005). 
In this study, congress mashing was up-scaled to a 60 L micro-brewing pilot scale using 
infected malt.  The main objective of this paper is to investigate the effect on the beer 
quality/attributes produced from infected malt, with an exceptionally high in vitro 
Fusarium inoculum of 20% in barley grains before malting. We also wanted to 
elucidate the impact of infection on yeast fermentability, including changes in nutrient 
uptake and by-products excreted. In addition, staling indicator compounds contributing 
to beer flavor are analyzed. The final uptake of DON in beer coming from infected grist 
was also analyzed. A full characterization of final beer produced with infected malt (IB) 
was performed and compared with control beer produced with uninfected malt (CB).  
5.2. Material 
The barley malt used was commercial spring barley (Hordeum vulgare, Quench 
variety), harvested in 2009, supplied by the Malting Company of Ireland Ltd (Cork, 
Ireland). For the purpose of these trials both uninfected control barley malt and 20% 
initially infected barley malt produced by the method of Oliveira et al. (2012) were 
used. Barley malt grains were kept in cool dry storage for less than 6 months before use.  
The dry lager yeast, Saflager S-23 (Saccharomyces cerevisiae), from Fermentis (Marcq-
en-Baroeul, France) was used for pitching wort according to the supplier’s 
recommendations. 
Chapter 5. Impact of F. culmorum-infected malt grains on brewing 
 
142 
 
Hallertauer Magnum hops variety, crop 2009 (Pellet 90), from Hopsteiner (Mainburg, 
Germany) was used. Fusarium culmorum TMW 4.2043 strain originally isolated from 
barley was provided by the culture collection of Lehrstuhl für Technische 
Mikrobiologie, TU-Müenchen Weihenstephan. This strain was known to be a 
predominant strain from brewing barley. 
All the reagents used were at least analytical grade. 
5.3. Methods 
5.3.1. Brewing process 
All brewing trials were carried out at the University College Cork (UCC) Micro-
Brewery facilities. A 60 L batch beer-processing unit comprising of a lauter tun, a 
combined mash-boiling vessel and a whirlpool tank was used. 8.5 kg of barley malt 
grist was obtained using a two roller mill with a 0.7 mm rollers gap. A 1:4 grist to liquor 
ratio was used with a typical single-infusion mashing system, as illustrated in Figures 
12 and 13. Mashing-in started at 45 °C for 20 min, followed by 62 °C for 30 min; 72 °C 
for 30 min, and mashing-out at 78 °C for 2.min, with a 1 °C / min rise to conversion 
rate. A 20 min lauter rest period was performed followed by wort re-circulation for 5 
min before wort lautering. Sparging water (3 × 10 L at 77 °C) was added in order to 
wash the mash in three steps. Wort was boiled for 1 h and bitter hops were added 15 
min after wort boiling starts in order to obtain 18 BU (bitter units) in beer. After the 20 
min whirlpool rest, cast-out wort with ~12 °P was aerated and pumped through the heat 
exchanger to cylindro-conical vessels. The fermentation was carried out at 11 °C until 
no significant change in the apparent extract was measurable, followed by a maturation 
stage at 2 °C for 3 weeks. Beer was passed through a sheet filter (depth filter sheets KS 
80, Pall Corporation, USA) before bottling using a manual bottling unit (Esau-Hueber 
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GmbH, Schrobenhausen, Germany). Bottled beer was stored at 4 °C in the dark before 
analysis.  
The rate of liquid filtered from mash (purging rate) of first wort was measured 
gravimetrically until a final mass of 20 kg, in addition to extract, β-glucan, FAN, and 
pH which were all analyzed at every stage of brewing according to the standard 
methods described in Table 9. 
5.3.2. Yeast quality 
The total number of yeast cells in suspension was determined by reading the optical 
density at 600 nm (Helios Gamma UV-Vis Spectrophotometer, Thermo Electron 
Corporation, England). The required dilutions were prepared according to Beer’s law. A 
10 ml beer sample was centrifuged (900 g for 180 sec), and the yeast pellet was re-
suspended in 10 ml of distilled water. Yeast viability was determined using a methylene 
violet staining technique according to the method described by Smart et al. (1999). 
Briefly, a 0.01% (w/v) citrate methylene violet solution was prepared by dissolving 
Methylene Violet 3 RAX (307505, Sigma) in 2% (w/v) sodium citrate solution. A 0.5 
ml aliquot of the staining solution was then mixed with 0.5 ml of yeast sample, mixed 
by vortex and incubated at room temperature for 5 min. Viable yeast cells were 
unstained and counted using a haemocytometer (Assistant Thoma counting chamber) 
according to the method 21.35 of IOB Methods of Analysis, (IOB 1997). 
Three samples were collected per day directly from the cylindro-conical vessel through 
the sample collector over 7 days of fermentation. 
The number of colony forming units (CFU) was determined by plating serial dilutions 
onto Potato Dextrose Agar (PDA) plates (CM0139, Oxoid, Ltd, England) to validate it. 
5.3.3. Fungal mycotoxin analyses by HPLC 
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The mycotoxin deoxynivalenol (DON) was analyzed by a High-Performance Liquid 
Chromatography (HPLC) system (DIONEX) with an attached UV detector at λ = 224 
nm, with a Lichrospher 100 RP 18, 5 µm column (Macherey-Nagel). The eluent used 
was water/methanol (85/15%). Samples were purified with an immune-affinity column 
(Coring System; DONStar) for the quantitative analysis with a recovery rate of about 
90%. Reference standards of different dilutions (Fluka) were used for each analysis. 
Limit of quantification for DON using this method is 200 µg/kg. 
5.3.4. Organic acid and sugar profile analyses by HPLC 
Wort and beer were analyzed for sugars and organic acids using an Agilent 1200 HPLC 
system with a refractive index detector according to the method described by Mauch et 
al. (2010). Appropriate sugar standards representing hydrolyses of maltotriose and 
organic acids were used to identify and quantify the final concentrations in correlation 
with the standard peak area. 
5.3.5. Beer characterization 
Beer was characterized by standard Analytica EBC (2005) and Mitteleuropäische 
Brautechnische Analysenkommission (MEBAK) (1997) methods described in Table 9. 
Foam was analyzed with the Steinfurth Foam Stability Test (Steinfurth Mess-Systeme 
GmbH, Essen, Germany). An Anton Paar density meter with an Alcolyzer (DMA 
4500M with a Beer ME module, Anton Paar, Graz, Austria) was used to determine 
extract and alcohol content of wort and beer. Beer amino acid profile was obtained 
using a Reverse-phase HPLC (RP-HPLC) according to the method described on 
MEBAK III 3.3 (34). 
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Yeast fermentation typical by-products including esters, fusel alcohols, fatty acids, 
ketones, sulfur, and carbonyl compounds were analyzed according to MEBAK III 1.1.1 
and 1.2.1 (Pfenninger 1996). Additionally, typical staling compounds were measured in 
fresh beer using a pervaporation membrane process for purify compounds directly 
coupled to the Gas Chromatography-Mass Spectrometry (PV-GC/MS) analysis method.  
5.3.6. Statistical analyzes 
Fermentation and yeast counts were performed in duplicate. All analyses were run in 
duplicate, at least. SigmaPlot 11.0 software was used to apply the normality test 
(Shapiro-Wilk) and equal variance test to validate differences in mean values with more 
than 95% confidence interval (P < 0.05) to apply Student’s t-test evaluations of 
difference in mean values to detect statistically significant differences between the 
control and infected beer quality parameters. 
5.4. Results and discussion 
5.4.1. Impact of infected malt on the brewing process 
Malt quality is critical for wort quality parameters and determines the mashing regime 
design. High quality malt is defined by having a high enzymatic activity and extract 
content, and a low protein and cell wall content. Kuhbeck et al. (2005) observed that 
short time stands during mashing are beneficial to decrease the β-glucan solubility in 
wort when poorly modified malts are used. Also, a concentration of 140 to 150 mg/L of 
FAN in wort is recommended for yeast nutrition (Bamforth 2006), although lower 
amounts have been reported to meet the yeast nutritional requirements (Pierce 1987), 
depending on the experimental conditions. A longer mash time at temperatures below 
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50 °C is desirable to increase FAN, however, the extension of mashing time does not 
provide advantages in terms of extract yield (Kuhbeck et al. 2005). 
Extract, pH, FAN, and β-glucan were the indicator parameters used to control the 
brewing process. Figure 12 shows the brewing regime up to the production of cast-out 
wort with the FAN concentrations at every stage for brews using infected malt and 
control. 
 
Figure 12. Brewing regime design pre-fermentation including FAN analyses in control 
wort containing uninfected malt (CW) and wort containing infected malt (IW). 
Previously infected malt had a higher FAN concentration which contributed to a higher 
FAN concentration in wort produced with infected malt (IW), with 106.8±3.0 mg/L at 
mashing-in, in comparison to wort produced with uninfected malt (CW), with 89.6±21.8 
mg/L. The FAN increased constantly in both IW and CW worts during the 45 °C rest. 
From the 45 °C rest until the 72 °C rest stage there was a higher solubility of FAN in 
IW comparing to CW. Thereafter, FAN trend was comparable in both worts. Maximum 
levels were measured at the 72 °C stage with 151.3±17.9 mg/L in IW and 134.1±3.8 
mg/L in CW. During lautering, the FAN concentration was diluted in both worts due to 
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sparging, and then concentrated during wort boiling through evaporation. FAN 
decreased in both cast-out worts, due to the filtration stage (whirlpool) however the 
difference in values was maintained constant at 94.9±4.3 mg/L and 82.4±1.2 mg/L for 
the IW and CW, respectively. The increase in FAN present in IW produced from the 
infected grist is a beneficial aspect, as there will be more nutrients available for the 
yeast during fermentation (O’Connor-Cox and Ingledew 1989). The infusion mashing 
regime used during pilot-scale brewing provided less FAN than the congress mashing 
regime applied to characterize the malt (Oliveira et al. 2012). This difference can be 
attributed to a shorter proteolytic rest during the congress mashing regime. Nonetheless, 
IW delivered a higher level of FAN in comparison to CW, which could lead to a more 
efficient yeast nutrition and thus fermentation process. 
The impact of the mashing regime on the β-glucan content of the two mashes, IW and 
CW, is depicted in Figure 13. It was seen that the β-glucan content could be detected 
after 30 min. This is due to the fact that a certain time is needed to solubilize the β-
glucan (which is normally bound). From the end of the 45 °C rest until the end of the 72 
°C rest stage there was a higher solubility rate of β-glucan in IW, compared to CW. 
Maximum values of 434.8±0.9 mg/L and 301.0±58.4 mg/L were recorded at the end of 
the 72 °C rest stage for IW and CW, respectively. Hereafter, the β-glucan content 
followed the same trend for both mashes, with the β-glucan content in IW being 
constantly higher. Wort lautering caused a dilution of β-glucan concentrations, while 
other stages; boiling, whirlpool and cooling had a concentration effect in wort.  
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Figure 13. Brewing regime temperature design pre-fermentation including β-glucan 
analyses in control wort containing uninfected malt (CW) and wort containing infected 
malt (IW). 
 
The infected malt also contained less β-glucan and higher β-glucanase activity (Oliveira 
et al. 2012). This resulted in higher soluble β-glucan in the IW, which suggests that the 
majority of β-glucan from CW remained in an insoluble form in spent filter cake. Since 
the infected grist was more friable as well as having a higher proteolytic and cytolytic 
activity, the infected malt can be described as highly modified malt. This explains the 
enhanced solubility of its β-glucan and nitrogenous compounds. 
IW also had a lower pH of 5.79 on mashing-in compared to 6.07 for the CW. 
Throughout mashing, the pH in CW decreased faster, however the gap between pH 
values remained in the cast-out wort, with pH 5.58 in IW and pH 5.78 in CW. 
The purging rate from the initial 20 kg of first wort was over 45% faster in the IW at 
levels of 0.5±0.1 kg/min compared to 0.4±0.0 kg/min for the CW. The faster purging 
rate observed when infected malt was used, is likely to be a result from increased 
exogenous enzymatic hydrolysis, a decreased pH, and a lower β-glucan concentration. 
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Barley with low β-glucan content can reduce the gelation tendency (Narziss 1992; 
Wagner et al. 1991). These factors combined enhance the water penetrability of the grist 
cake, thus improving the filterability rate. Enhanced filterability has been previously 
associated with these characteristics (Bühler et al. 1996), where a complete breakdown 
of β-glucans and hemicelluloses during mashing is essential for fast wort separation 
(Wang and Wang 2010). 
Due to the faster purging rate of the infected wort, the lautering time could be 
decreased. However, we wanted to compare the worts during fermentation, therefore, 
the lauter time was kept constant in both brews. 
After the maturation stage, upon filling the beer bottles from 20 L Cornelius kegs using 
a manual unit, there was an exceptional over-foaming produced from IB, which resulted 
in only approximately three quarters of IB being effectively bottled, in comparison to 
CB. There is a strong possibility that this effect was due to fungal activity, based on 
preliminary results from gushing tests in barley grains prior to brewing (data not 
shown), although to directly associate it to primary Fusarium gushing phenomenon, 
further investigation is needed.  
5.4.2. Impact of infected malt on the yeast fermentation 
Yeast viability is an important quality parameter for a successful reproducible 
fermentation and consistent beer quality. In addition to this, yeast flocculation is also a 
critical factor to be considered (Hammond 1993; Russell 1995). Fungal contamination 
has been associated with premature yeast flocculation (Axcell et al. 2000;Blechova et al. 
2005 ; van Nierop et al. 2004), which can lead to incomplete fermentations and off-
flavors (Vanderhaegen et al. 2007). 
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IW had a higher FAN level (94.9±4.3mg/L), a lower pH (5.58), and a higher soluble β-
glucan content (276.5±13.1 mg/L) when compared to the CW (82.4±2.0 mg/L, 5.78, 
and 193.2±54.1 mg/L, respectively). The differences in the wort composition can be 
attributed to the Fusarium infection of malt. 
As Verstrepen et al. (2003) showed, the total number of yeast cells in suspension is 
critical during the fermentation process as it indicates the flocculation time resulting in 
fermentation ceasing. Quantification of yeast cells in suspension and yeast cell viability 
throughout the fermentation are illustrated in Figure 14. Since dried yeast was used in 
this study a certain time is required to adapt to the environmental conditions. The data 
revealed a constant slow yeast growth rate up to 120 h of fermentation in both worts. A 
constant increase in cell viability is observed with the yeast reaching peaks of 87% 
(after 96 h and again after 120 h) in IW and 90% viability in CW (after 135 h), see 
Figure 14. 
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Figure 14. Total number of yeast cells in suspension and yeast viability during the first 
fermentation of control wort containing uninfected malt (CW) and wort containing 
infected malt (IW). 
 
The exponential growth phase of the yeast started after 120 h for both worts. The CW 
fermentation registered a maximum average of 1.9 × 10
8
 cells/mL in suspension after 
135 h. The stationary phase lasted ~40 h (until 160 h of fermentation). In the IW 
fermentation, a maximum average of 1.8 × 10
8
 cells/mL in suspension was seen after 
120 h of fermentation. In this case, the stationary phase only lasted ~20 h, (until 140 h 
of fermentation). In IW, a clear decrease in yeast viability was observed from 140 to 
160 h of fermentation. Following this, the yeast flocculated with a clear and comparable 
abrupt decrease in the yeast cell viability percentage for both worts after 168 h of 
fermentation. 
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Figure 15. Free amino nitrogen (FAN) concentrations and pH during the first 
fermentation in control wort containing uninfected malt (CW) and wort containing 
infected malt (IW). 
 
The consumption rate of FAN by the yeast in IW throughout the fermentation was 64% 
(P.<.0.001) higher than the CW at levels of 0.3 mg/L/s and 0.2 mg/L/s, respectively 
(Figure  15). However, a higher FAN concentration (after 183 h) was recorded in green 
beer at levels of 51.5±4.1 mg/L and only 33.9±1.2 mg/L for the control. Yeast 
fermentation tends to be enhanced by lower wort pH and an increase in available yeast 
nutrients (Bamforth 2006), which explains the faster FAN consumption during the first 
days of fermentation in IW. This is in line with the tendency for increased proliferation 
of the yeast cells in IW (Figure 14). Despite this, the yeast followed the same trend as in 
the CW suggesting that the infected grist also contributes to other adverse effects, such 
as the presence of DON (Boeira et al. 1999), or other fungal metabolites. 
Throughout the fermentation, an accelerated decrease in pH was noticed in the CW. At 
the end of the first fermentation (after 183 h) the pH, at 4.42, was still higher than that 
of the IW, at 4.35 (Figure 15). 
Maltotriose and maltose are known to be the major sugars present in wort (Russel 
1995), which contribute directly to the sweetness of beer (Bamforth 2006). In an 
attempt to find differences between yeast performance in either of the worts (CW and 
IW), the wort and beer sugar profile was analyzed. A higher level of residual sugars 
present in IW and IB was expected due to the premature yeast flocculation. However, in 
practice, the sugar concentrations were similar and followed the same consumption rate 
trend in both worts and beers. Cast-out CW and IW had similar concentrations of the 
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main fermentable sugars: glucose, maltose, and maltotriose (Table 9), with typical 
consumption rates and values for lager beer (Bamforth 2006). 
Organic acids are metabolic intermediates excreted by yeast into wort and are 
responsible for the wort acidity and tartness of beer (Hardwick 1995). Overall organic 
acid concentrations, in both CB and IB (Table 9), were far higher than typical beer 
concentrations (Hardwick 1995). At the beginning of fermentation, succinic, formic, 
acetic, and propionic acids were higher in the IW. These, in addition to pyruvic, malic, 
and citric or maleic acids (citric/maleic acid are eluted under the same peak) were 
formed during fermentation/maturation and were present in the final beer. Organic acid 
concentrations from both worts were comparable and followed the same production 
sequence during fermentation. The only exception was an increased concentration of 
formic acid produced during fermentation, with significantly higher quantities in IB, 
comparing to CB. 
 
Table 9. Main sugars and organic acids quantified in control wort containing 
uninfected malt (CW) and wort containing infected malt (IW), with respective beers, CB 
and IB. 
Sugars 
Cast-out wort Beer 
CW (g/L) IW (g/L) CB (g/L) IB (g/L) 
Maltotriose 19.3 ± 0.4 21.6 ± 0.5 4.0 ± 0.0 4.0 ± 0.0 
Maltose 73.8 ± 0.8 81.0 ± 0.8 2.3 ± 0.0 2.8 ± 0.1 
Glucose 18.4 ± 0.2 19.8 ± 0.2  -  - 
Organic acids 
Cast-out wort Beer 
CW (g/L) IW (g/L) CB (g/L) IB (g/L) 
Citric acid / Maleic acid - - < 0.2 < 1.2 
Pyruvic acid - - 0.17 ± 0.00 0.17 ± 0.00 
Malic acid - - 0.78 ± 0.00 0.78 ± 0.00 
Succinic acid 0.23 ± 0.00 0.38 ± 0.00 0.41 ± 0.01 0.46 ± 0.01 
Formic acid 0.14 ± 0.01 0.58 ± 0.01 5.24 ± 0.12 5.83 ± 0.04 
Acetic acid 0.05 ± 0.01 0.13 ± 0.00 0.28 ± 0.08 0.29 ± 0.03 
Propionic acid 0.21 ± 0.00 0.24 ± 0.00 2.26 ± 0.01 0.21 ± 0.01 
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5.4.3. Impact of infected malt on the beer quality 
Impact on the beer characteristics: 
Beer quality is measured by a number of predetermined factors including its 
microbiological, colloidal, foam, colour, and flavor stability. Malt, hops, yeast activity, 
and process parameters together with contaminating microbes will contribute to the 
nature and diversity of fresh beer organoleptic qualities and aging rate (Vanderhaegen et 
al. 2006). 
Table 10 shows the characteristics of the CB and IB produced in this study, including 
DON concentration. Both beers had minor differences in pH and β-glucan values, and 
comparable extracts and degree of fermentation. IB had higher residual FAN 
concentrations. IB colour was negatively impacted by the F. culmorum infected malt 
and increased by 67%, which correlates well with the malt analysis (Oliveira et al. 
2012). The overall low foam stability in both beers was expected as the iso-α-acid and 
available nitrogen concentrations were lower than normal. Beer foam had a tendency 
towards better stability in IB which was probably due to the higher availability of small 
peptides and amino acids, acidification of mashing and possibly formed melanoidins. 
All these factors play a positive role in foam stability (Bamforth 2006). The final IB 
accumulated 271 µg.kg
-1
 of DON, which corresponds to ~78% of the DON present in 
infected malt grains. This correlates well with the study by Schwarz et al. (1995) where 
~80% of the total DON was transferred from malt to beer, with a small fraction 
accumulated in the spent grains. 
 
Table 10. Characteristics of control beer produced with uninfected malt (CB) and beer 
produced with infected malt (IB). 
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Analysis Method Unit CB IB Δ % 
 
Ea Alcolizer % wt/wt 1.80 ± 0.16 1.85 ± 0.01 2.22 
d 
Alcohol Alcolizer % wt/wt 4.00 ± 0.03 4.33 ± 0.05 8.25 
b 
ADF Alcolizer % wt/wt 84.0 ± 1.1 84.9 ± 0.1  1.05 
d 
Colour EBC 4.7.1 EBC 6.0 ± 0.2 10.0 ± 0.1 66.5 
c 
pH EBC 4.5.1 
_
 4.52 ± 0.01 4.57 ± 0.01 1.1 
b 
β-glucan MEGAZYME© Beta-Glucan % wt/wt 212.4 ± 24.0 207.2 ± 16.6 -2.5 d 
Free Amino Nitrogen EBC 4.10 mg/L 40.4 ± 0.1 52.5 ± 0.8 30.0 
d 
Foam stability MEBAK II 2.19.4 sec 97 ± 2 105 ± 7 7.9 
d 
DON HPLC µg/kg n.d.
 e
 271 -  - 
b
 Values between two groups are statistically significant different at P < 0.01; 
c
 Values between two groups are statistically significant different at P < 0.001; 
d
 Values between two groups are not statistically different; 
e
 n.d. = not detected. 
 
Impact on the amino acid profile: 
The total amount of soluble amino acids in IB was ~36% higher than the CB (Table 11). 
The overall concentration in both beers was lower than values given by Hardwick 
(1995). The amino acid composition plays an important role during the fermentation of 
wort beer, since the yeast requires assimilating specific amino acids at different stages 
of fermentation (Hammond 1993). Despite the overall increase availability of amino 
acids in IB, glutamine, aspartic acid, glutamic acid, lysine, aspargine, tryptophan and 
alanine had decreased (Table 11). In IW, alanine and lysine were likely to be important 
contributors of keto and oxo acids for yeast nutrition, respectively. In contrast, the 
residual concentrations of threonine and histidine present in IB were high with increases 
of 219% and 293%, respectively, compared to the CB (Table 11). Both of these amino 
acids are thought to be rapidly depleted by yeast, which indicate that its residual 
amounts were not uptake by the yeast. It is possible that the higher amount of residual 
amino acids in IB will result in acting as catalysts to further chemical reactions. Amino 
acids like leucine and valine were previously reported to cause an increase in aldehydes 
level of stored beer (Vanderhaegen et al. 2006). 
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Table 11. Amino acid profile from both control beer produced with uninfected malt 
(CB) and beer produced with infected malt (IB), with the class of yeast assimilation (A 
= immediately, B = gradually, C = after lag phase). 
 Amino acid 
CB IB Δ Reference
 a
 
mg/L mg/L % mg/L 
A 
Glutamine 3.0 0.7 -76 - 
Lysine 0.7 0.4 -42 5.0 – 60 
Asparagine 0.7 0.5 -32 1.0 – 3 
Serine 0.3 0.4 60 2.0 – 12 
Threonine 0.1 0.3 219 0 – 10 
B 
Aspartic acid 1.7 0.7 -59 6.0 – 45 
Glumatic acid 3.4 1.8 -49 9.0 – 50 
Arginine 16.4 23.1 40 9.0 – 110 
Methionine 0.2 0.3 49 0 – 10 
Leucine 3.2 5.2 63 3.0 – 60 
Isoleucine 1.3 2.2 67 5.0 – 40 
Valine 4.8 8.3 74 5.0 – 80 
Histidine 0.8 3.0 293 9.0 – 50 
C 
Tryptophan 3.1 2.7 -12 1.0 – 12 
Alanine 3.5 3.5 -1 10 – 130 
Glycine 2.9 3.6 23 9.0 – 45 
Tyrosine 5.5 8.5 53 9.0 – 80 
Phenylalanine 3.9 7.0 78 5.0 – 99 
 g-amino butanoic acid 5.5 10.8 97 - 
 Total amino acids 61 83 36  
a
 Hardwick, (1995). 
 
  
Impact on the flavour profile: 
Yeast plays a central role in beer flavor production. Yeast excretes primarily ethanol 
and carbon dioxide, but also many other compounds such as acids, esters, aldehydes, 
and higher alcohols. These are important determinants of beer organoleptic qualities 
(Hammond 1993), even at sub-threshold concentrations (Saison et al. 2009). Higher 
availability of amino acids for yeast nutrition, results in a higher production of yeast by-
products and Maillard reaction redotones such as, melanoidins (colour), pyrazines, 
furans, pyrroles and thiophenes (Bamforth 2006).  
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Iso-amylalcohols were the only by-products detected above its sensory threshold of both 
beers (Table 12). However, total diacetyl, iso-valeric acids, and acetaldehyde were also 
above its sensory threshold in IB. In IB, there was an overall 14% increase in fusel 
alcohol compounds, in comparison to CB. N-propanol recorded the highest increase of 
28%. This can be attributed to additional decarboxylation of keto acids obtained from 
higher amino nitrogen compounds found in IB. This leads to the formation of 
aldehydes, which are reduced to alcohols by the Ehrlich pathway (Hammond 1993). In 
IB, there was an overall 10% increase in ester compounds. This was expected due to the 
higher amounts of its precursors which are the higher alcohols (Hammond 1993). In 
spite of the overall increase, ethyldecanoate, isobutylacetate, i-amylacetate, and 2-
phenyletylacetate had diminished. These compounds are all perceived as positive flavor 
compounds in beer. Volatile esters introduce fruity flavors to beer and have a masking 
effect on staling compounds (Meilgaard 1975; Saison et al. 2009). Therefore, the 
decrease in the esters mentioned might lead to acceleration in the appearance of age-
associated flavors. Esters tend to decrease in intensity over the aging process 
(Vanderhaegen et al. 2006). Furthermore, in IB there was an overall 40% increase in 
fatty acid compounds. This increase can be attributed to the higher quantity of medium-
length fatty acid chains, caprylic and caproic acids (Table 12).  
 
Table 12. Yeast by-products from typical aroma groups analyzed in control beer 
produced with uninfected malt (CB) and beer produced with infected malt (IB). 
Compound 
group 
Compound CB IB Δ Aroma 
Sensory 
threshold 
    
(mg/
L) 
(mg/
L) 
(%)   (mg/L) 
Esters 
Ethyldecanoate 0.02 0.01 -33 Caprylic; fruity  1.5 
d
 
Isobutylacetate 0.04 0.03 -14 Fruity; floral 1.6 
d
 
i-Amylacetate 0.80 0.70 -13 Banana  1.0 
c
 
2-Phenyletylacetate 0.35 0.31 -11 Roses; honey; apples  3.8 
c
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Ethylcaproate 0.09 0.09 6 Fruity 0.21 
d
 
Ethyloctanoate 0.14 0.15 11 Apples; sweet; fruity 0.9 
c
 
Ethylacetate 10.5 11.8 13 Solvent; fruity; sweet 30 
d
 
Ethylbutyrate 0.07 0.08 14 Fruity; jonquil 0.4 
d
 
  
Fusel alcohols 
  
  
Iso-Amylalcohols 70.6 77.9 10 Alcohol, vinous 50 
c
 
i-Butanol 19.0 21.5 13 Alcoholic 100 
c
 
2-Phenylethanol 31.4 36.1 15 Floral; roses; perfume 40 – 100 c 
n-Propanol 15.8 20.3 28 Alcoholic 600 
c
 
  
Fatty acids 
  
  
Capric acid 0.23 0.23 2 Dry; woody  10 
e
 
Iso-Valeric acids  1.40 1.70 21 
Sweaty; cheese; old-hop-
like 
1.5 
e
 
Caprylic acid  2.38 3.60 51 Dairy; goaty  15 
c
 
Caproic acid 1.24 1.80 46 
Vegetable oil; cheesey; 
fatty 
8 
c
 
  
Ketones 
  
Diacetyl, total 0.06 0.10 67 Buttery; butterscotch  
0.1 – 0.14 a; 
0.15 
d
 
2,3-Pentanedione, 
total 
0.02 0.04 100 Honey 0.9 
c
 
Acetoin 
(intermediate 
compound) 
4.10 11.80 188 Buttery; dairy 50 
d
 
Polysulphide 
Dimethylsulfide 
free 
0.011 0.022 100 
Sweet corn; cooked 
vegetable 
0.03 – 0.045 d 
Linear aldehyde Acetaldehyde 7.3 97.7 
123
8 
Green apples; fruit 10 
e
 
Total ester compounds 12 13 10     
Total fusel alcohol compounds 137 156 14     
Total fatty acid compounds 5 7 40     
Total ketone compounds 0.08 0.14 75     
a
 Hardwick, (1995); 
b
 Saison et al., (2009); 
c
 Bamforth, (2006);  
d
 Meilgaard, (1975);  
e
 Esslinger, (2009). 
 
 
These fatty acids are normally increased when anaerobic conditions inhibit acetyl-CoA 
carboxylase (Hammond 1993), which are lipid yeast membrane synthesis intermediates. 
Another possibility is that these fatty acids in IB are indicative of an increase in yeast 
cell lyses during premature flocculation. 
Also, in IB a 75% increase in total ketone compounds was measured. Diacetyl increased 
by 67% and 2,3-pentanedione doubled in concentration. Diacetyl is a Maillard reaction 
product which was expected to increase in line with the excess amino acids present. 
Increased threonine levels can be attributed to the formation of additional 2,3-
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pentanedione (Hardwick 1995). The lower wort pH could have lead to an increase in the 
isoleucine, valine and leucine biosynthetic pathways (Hammond 1993), although 
residual amino acids in beer are normally those not metabolized by the yeast. In IB, the 
higher acetoin concentration, which is an intermediate compound involved in diacetyl 
reduction, indicates a higher chemical non-enzymatic conversion of α-acetolactate into 
diacetyl by the yeast. This reaction is improved by the lower pH (Munroe and Hardwick 
1995). 
IB had 0.022 mg/L of free dimethylsulfide (DMS) which was double that of CB. This 
increase in DMS may have originated from the degradation of S-methyl methionine 
(SMM) or from yeast reduction of dimethylsulfoxide (DMSO), which is synthesized in 
the barley embryo during germination (Hammond 1993; Russel 1995). 
The most notable difference related to yeast by-products in the IB, was the higher 
acetaldehyde concentration which was 97.70 mg/L, in contrast to 7.30 mg/L in CB 
(Table 12). This reflects the absence of sufficient quantities of active yeast towards the 
end of the fermentation and during maturation. This indicates premature flocculation, 
and a decline in yeast viability (Hammond 1993), supporting previous observations 
(Figure 14). Acetaldehyde is the main degradation product resulting from the reaction of 
hydroxyl radicals with ethanol which may contribute to aging flavour notes and act as a 
support for other staling compounds (Saison et al. 2009). 
Impact on the staling character: 
Numerous chemical reactions promote the production of off-flavours, such as; 
esterifications, etherifications, Maillard reactions, Strecker degradation, aldol 
condensation, furanic ether formation, glycoside hydrolysis, and ester hydrolysis 
(Pollock 1981). These reactions can contribute to flavor deterioration, enhanced by a 
lower pH (Saison et al. 2009; Vanderhaegen et al. 2006). Although, there are pathways 
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involved in the synthesis of staling substances which are not perceived as off-flavours 
(Stephenson and Bamforth 2002). A higher wort reducing power might contribute 
positively to beer stability (Vanderhaegen et al. 2006). During fermentation, yeast 
decreases the amount of staling compounds, transforming aldehydes into alcohols. 
Aldehydes are likely to increase during the beer aging process (Vanderhaegen et al. 
2006). 
 
Table 13. Staling indicator compounds analyzed in control beer produced with 
uninfected malt (CB) and beer produced with infected malt (IB). 
Group compound Indicator compound CB IB Δ Aroma 
Sensory 
threshold
 a
 
    (µg/L) (%)   (µg/L) 
Lactones (cyclic 
ester) 
γ-Nonalacton (T, S) 17 70 312 Coconut; vanilla 607  
Strecker aldehyde 
Phenyl acetaldehyde 
(O, S) 
15 17 13 Hyacinth; roses 105
 
 
Benzaldehyd (O, S) 3 <5 - Almond; cherry stone 515
 
 
3-Methyl-Butanal (O, 
S) 
14 26 86 Cherry; almond 56
 
 
2-Methyl-Butanal (O, 
S) 
8 16 100 Apple; almond 45
 
 
Ethyl ester (volatile 
ester) 
Ethyl nicotinate (S) 4 7 75 Solvent; anis 4555
 
 
Ethyl phenylacetate 
(S) 
<1 <5 - Floral; honey - 
Ethyl succinate (S) <1 <5 - Apple; musty; floral - 
Heterocyclic 
compounds 
(Maillard reaction 
products) 
2-Acetylfuran (S) 14 <5 -64 Almond; nuts 513
 
 
2-Propionylfuran (S) 9 <5 -44 Solvent 11
 
 
5-Methylfurfural (S) 2 6 200 Almond; marzipan 1174
 
 
2-Furfural (T, S) <1 15 1400 Bread; caramel 15157
 
 
Total staling indicators = S 86 157 83     
Total oxygen indicators = O 40 59 48     
Total thermal indicators = T 17 85 400     
a
 Saison et al., (2009). 
 
All staling indicator compounds analyzed in CB and IB were below the threshold of 
detection (Table 13). In IB, overall, staling indicators (S) increased by 83%, oxygen 
indicators (O) increased by 48%, and thermal indicators (T) increased to 4-times the 
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concentration of the CB. In IB, all lactone (γ-Nonalacton (T, S) by 312%), Strecker 
aldehydes (Phenyl acetaldehyde by 13%, benzaldehyd (S, O), 3-Methyl-Butanal (S, O) 
by 86% and 2-Methyl-Butanal (S, O) by 100%), and ethyl esters (Ethyl phenylacetate 
(S), Ethyl succinate (A), and Ethyl nicotinate by 200%) were present in higher 
concentrations. A higher Strecker aldehydes concentration suggests more amino acids 
reacting with dicarbonyl compounds as intermediates in browning reactions (Bamforth 
2006). The extra ethyl esters in IB can be formed by esterification reactions between 
ethanol and extra organic acids (Vanderhaegen et al. 2007). In IB, a decrease was 
measured in two staling heterocyclic compounds; 2-acetylfuran by and 2-propionyl-
furan, while another staling compound; 5-methylfurfural (S), had a 3-fold increase in its 
concentration (Table 13). 2-Furfural (S, T) was the compound with the highest increase 
in IB, when compared to the CB (15 µg/L and <1 µg/L, respectively). These 
heterocyclic compounds are products as part of the Maillard reactions. They are 
sensitive indicators for beer flavour deterioration. 2-furfural increased due to higher 
amount of amino acids in IW and thus production of more Maillard reactions. Furfural 
levels are expected to increase with storage time having a close correlation to the stale 
beer flavor (Vanderhaegen et al. 2006). As a consequence of having higher amount of 
Maillard intermediates, associated with darker malts/beers, there might be more 
reactivity between these compounds and the typical beer constituents. This gives rise to 
typical dominant burnt and caramel flavors and to more staling compounds 
(Vanderhaegen 2006; Vanderhaegen et al. 2007). 
5.5. Conclusions 
This study clearly shows that the use of infected malt grist for brewing, with 20% of the 
initial barley grains infected with Fusarium, has a major impact on final beer 
Chapter 5. Impact of F. culmorum-infected malt grains on brewing 
 
162 
 
organoleptic qualities and transfers mycotoxin DON to beer. Although some of the 
differences between infected and uninfected malt/beer attributes are only marginal, in 
sum, they contribute negatively to the overall beer quality. F. culmorum infected malt 
produced a wort with altered quality properties. The filterability during lautering was 
enhanced. Yeast performance was improved during the first 5 days, but it flocculated 
prematurely. The final beer extract and attenuation percentage were not affected by the 
yeast flocculation. The yeast was unable to further process the total amount of ketones 
and acetaldehyde. An increased concentration of overall esters, fusel alcohols, fatty 
acids, and DMS was seen. IB had higher concentrations of staling indicator compounds; 
in particular, hydrocyclic compounds resulting from Maillard reactions and Strecker 
aldehydes. IB was significantly darker. It is likely that the premature yeast flocculation 
produces more off-flavors due to non-volatile yeast products, which can change taste 
and mouthfeel, and yeast autolysis which impart a bitter taste and yeasty aromas. DON 
levels detected in beer were above the restrict limits for processed cereal-base products 
from EU, with 78% of the initial malt DON levels transferred to beer. However, it has 
to be emphasized that a 20% initial infection in barley grains was used which 
corresponds to an exceptionally high initial infection. 
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6.1. Introduction 
Lactic acid bacteria (LAB) have been used in food/beverage fermentations for centuries 
due to the wide range of benefits they bring to the food/beverage products. LAB 
improve food product quality by enhancing their shelf-life, their safety, and their 
organoleptic and textural properties, as well as providing health benefits to the 
consumer (Di Cagno et al., 2012; Peres et al., 2012). LAB–produced antifungal 
compound is one of the properties, which can provide major advantages to cereal based 
products/beverages. 
Cereal crops are particularly prone to fungal contamination due to their direct exposure 
to the environment in the field. Consequently, the quality and quantity of cereals can be 
compromised, which can lead to potential health problems for the consumer due to 
mycotoxin formation and also loss of crop yield (Oliveira et al., 2012a; Oliveira et al., 
2012b; Schatzmayr and Streit, 2013; Streit et al., 2013).  
Food market and consumer pressures, in addition to the changes in environmental 
conditions, are driving the search for a more natural approach to the reduction of fungal 
growth in the field as well as during production (EFSA) (Pitt and Hocking, 2009). In 
this context, the use of LAB, which produces antimicrobial metabolites, represents a 
biotechnological advantage for the food industry (Oliveira et al., 2013; Reis et al., 
2012). Many LAB have a Generally Recognized As Safe (GRAS) status and are 
frequently used as starter cultures in the food industry (Franz et al., 2010; Peres et al., 
2012). Some of the most intensely exploited LAB strains belong to the Lactobacillus 
species. Lactobacillus species are chemoheterotrophic (Barrangou et al., 2012) and have 
the capacity to acidify the medium and some even have the potential to produce 
antifungal compounds (Crowley et al., 2013). Therefore, LAB can be exploited as 
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biopreservatives to improve the quality and safety of food products (Gaggia et al., 
2011).  
It is well known that the production of acid based compounds can inhibit microbial 
growth (Rathore et al., 2012). The biopreservative role is mainly due to the synthesis of 
a wide range of active metabolites which include: organic acids (lactic, acetic, formic, 
propionic, and butyric acids), or compounds, such as carbon dioxide, ethanol, hydrogen 
peroxide, fatty acids, acetoin, diacetyl, antifungal compounds (propioniate, phenyl-
lactate, hydroxyphenyl-lactate, cyclic dipepetides and 3-hydroxy fatty acids), 
bacteriocins (e.g. nisin, reuterin, reutericyclin, pediocin, lacticin, enterocin), or 
bacteriocin-like inhibitory substances (BLIS) (Muhialdin et al., 2011; Nes et al., 2012; 
Reis et al., 2012; Rhee, 2004; Schnürer and Magnusson, 2005). In addition to this, LAB 
strains also have the ability to reduce fungal mycotoxins, either by producing anti-
mycotoxinogenic metabolites, or by absorbing them (Dalié et al., 2010). The production 
of LAB antimicrobial compounds is dependent on the selected strain, on the growth 
conditions, and the interactions between fungal and bacterial metabolites (Laref et al., 
2013). As a consequence, the evaluation of the antifungal compounds is complex to 
analyse and is not fully understood at present. 
The main focus of this study is to identify LAB strains suitable to produce a food grade 
fermented substrate with antifungal potential. Specific objectives are, to evaluate the 
suitability of wort from barley malt as a substrate for LAB growth. The wort will be 
compared to a synthetic substrate namely MRS. The influence of fermentation time on 
antifungal activity will also be investigated by challenging the LAB cell-free-
supernatant (cfs) against Fusarium culmorum macroconidia. Finally, the antifungal 
acid-base metabolites from LAB cfs will be identified. 
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6.2. Material 
Commercial spring barley (Hordeum vulgare, Quench variety), harvested in 2009, was 
supplied by the Malting Company of Ireland Ltd. (Cork, Ireland). Lactobacillus and 
Fusarium strains used in this study are described in Table 14. A modified version of the 
original MRS (DeMan Rogosa Sharpe) broth (De Man et al., 1960) was used (casein 
peptone, 10; meat extract, 5; yeast extract, 5; tween 80, 1; potassium phosphate dibasic 
trihydrate, 2.6; sodium acetate trihydrate, 5; ammonium chloride, 3; potassium 
phosphate monobasic, 4; magnesium sulfate monohydrate, 0.1; manganese sulfate 
monohydrate, 0.05; cysteine-HCl, 0.5; glucose, 5; maltose, 10; fructose, 5; vitamin mix 
(0.2 each): cobalamin, folic acid, nicotinic acid amide, pantothenic acid, pyridoxal 
phosphate, and thiamine) g.L
-1
. All reagents used in the following analyses were at least 
analytical grade and from Sigma-Aldrich, Missouri, USA, unless otherwise stated. 
Table 14. Lactobacillus and Fusarium species used. 
Species Strain Source
a
 Library 
Growth 
temperature 
Previous antifungal 
studies 
Bacteria      
Lactobacillus 
amylovorus  
DSM19280 Cereal DSM/UCC 37 
(Nes et al., 2012; 
Nummer, 2012; Ryan et 
al., 2011) 
DSM20552 Human DSM/UCC 37 Non-antifungal (control) 
Lactobacillus 
reuteri  
R29 Human UCC 37 New isolate, antifungal 
Mould      
Fusarium 
culmorum  
TMW 
4.2043 
Barley TMW/UCC 25 (Oliveira et al., 2012b) 
a
 Strain sources were coded as follows: TMW, Technical University of Munich-Weihenstephan; UCC, 
University College Cork; CIT, Cork Institute of Technology. 
 
6.3. Methods 
6.3.1. Fungal spore suspension preparation 
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F. culmorum spore suspensions were prepared according to the method described by 
Mauch et al. (2010). Briefly, fungus was cultivated on potato-dextrose agar (PDA) 
plates (Fluka Chemie AG, Buchs, Switzerland) (25 °C for 5 days) and transferred into 
synthetic nutrient-poor bouillon (SNB) (Nirenberg, 1976) (120_rpm, at room 
temperature, for 7 days). Macroconidia counts were determined with a haemocytometer. 
6.3.2. Barley malt extract (wort) production 
Firstly, barley grains were malted. Malting parameters were set according to the 
standard method 1.5.3 from Mitteleuropäische Brautechnische Analysenkommission 
(MEBAK, 2011), and the method described by Oliveira et al. (2012b). Steeping 
comprised of: 5 h wet stage; 19 h air stage; 4 h wet stage, and 20 h air stage, at 14 °C, 
with 98% RH (Koma, Sunriser-AT, Koma Koeltechnische Industrie B. V., 
Netherlands). The germination lasted for 5 days. Kilning (Joe White Malting Systems, 
Australia) comprised of: 16 h at 50 °C; 1 h at 60 °C; 1 h at 70 °C, and 5 h at 80 °C. 
Lastly, grains were cleaned with a thresher (Wintersteiger LD180, Wintersteiger AG, 
Ried, Austria). Secondly, a 60 L pilot-scale brewery comprising of a lauter tun, a 
combined mash-boiling vessel and a whirlpool tank was used for wort production. A 1:5 
malt grist (0.7 mm size) to liquor ratio was used with the mashing system: 50 °C for 15 
min; 62 °C for 30 min; 72 °C for 30 min, and 78 °C for 2 min. Following a grist-liquor 
separation step, the liquor was diluted (3 × 10 L at 78 °C), boiled until a 12 °P, and 
cooled through the heat exchanger. Wort was kept at -20 °C for long storage. Prior to 
analysing, the wort was pasteurized (70 °C for 1 min) and filtered through sterile 0.45 
µm MINISART-plus filters (Sartorius Stedim Biotech GmbH, Goettingen Germany). 
6.3.3. LAB characterization 
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LAB were grown for 48 h on MRS agar plates. A single colony was pitched and 
transferred into a 10 mL MRS broth (pre-inoculum) and subsequently incubated at 37 
°C for 20 h. A 1% (7 log CFU.mL
-1
) of fermented MRS broth was then use to inoculate 
10 mL to start MRS fermentations (0 h). An overnight 1% (7 log CFU.mL
-1
) pre-
inoculum culture in wort was prepared before starting wort fermentations (1% inoculum 
in 10 mL wort). Bacterial suspensions were incubated for 120 h at optimum 
temperatures (see Table 14). Samples were collected at specific time-points (0, 24, 48, 
72, and 120 h) to be characterized for total cell counts (MRS4 agar), pH, and total 
titratable acidity (TTA) (0.1 N NaOH titration until pH 8.5).  
6.3.4. LAB cfs antifungal activity using the microtiter plate well assay and 
the overlay agar method 
LAB cfs samples after 0, 48, 72, and 120 h of fermentation were analysed for their 
antifungal activity. F. culmorum macroconidia suspensions were adjusted to 10
4
, 10
5
, or 
10
6
 spores.mL
-1
. Aliquots of 1 mL were centrifuged (3000 g for 10 min, at 4 °C) and re-
suspended in 1 mL of LAB cfs. As control, fungal macroconidia was re-suspended in 
MRS, wort, or acidified wort, without LAB supernatant. Samples were mixed by vortex 
and 200 µL were pipette into the 96-well microplate (Sarsted AG and Co, Nuembrecht, 
Germany). The microplate was sealed with optically clear seal (Thermo Scientific, 
Waltham, USA) and incubated in a Multiskan FC microplate-reader (Thermo Scientific, 
Waltham, USA), at 25 °C for 7 days. The absorbance was recorded at 620 nm (OD620) 
every 2 h, with agitation in 4 s intervals. Mould growth was quantified as: absolute 
fungal spores’ inhibition (hours of spore’s germination inhibited (OD620 ≤ 0.02)); and, 
relative mycelial growth (percentage of mycelial development, as a function of the 
fungal growth control, without LAB). 
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The overlaying agar method was adapted from the method described by Schillinger and 
Villarreal (2010). Briefly, malt extract agar plates (70167 Sigma-Aldrich) with 7 g.L
-1
 
agar were prepared with equal amounts of LAB cfs. After cooling, 100 µL of F. 
culmorum spores suspension was poured by spreading. Pictures of the plates were taken 
after 48 h incubation at 25 °C. 
6.3.5. Sugar and organic acid profiles using HPLC  
Sugars and lactic and acetic acids were determined using an Agilent 1260 Infinity 
HPLC system equipped with a refractive index detector. Analyses were performed 
using an Agilent Hi-Plex H, 7.7 x 300 mm, 8 µm column. The eluent used was 0.004M 
H2SO4 at a flow rate of 0.5 mL.min
-1
. The volume of the injection was 10 µL. The 
column was maintained at 65 °C. Sample peaks were calibrated (5 to 100 M.L
-1
) with 
external standards (glucose, maltose, maltotriose, fructose, lactic and acetic acids) 
(Sigma-Aldrich). A linear correlation between peak area and concentration was used. 
Triplicate injections generated a weight linear regression. 
6.3.6. Antifungal compound quantification using the QuEChERS method 
and HPLC-UV/PDA Analysis 
For the sample preparation, 10 mL of the cfs wort was added to 10 mL of EA with 1 mL 
formic acid in 4 g of MgSO4 and 1g NaCl and shaken for 1 min; the mixture was 
centrifuged for 10 min at 3,000 rpm. 5 mL of the organic solvent was removed and 
added to dSPE kit Agilent 5982-4956 (150 mg C18 and 900 mg MgSO4) shaken for 1 
min; centrifuged for 10 min at 3,000 rpm and decanted into a test tube containing 100 
µL of DMSO. This solution was dried under N2 until only 100 µL DMSO remained. 
400 µL of 90/10 H2O/ACN was added to solution and vortexed. It was then filtered 0.2 
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µm into a 1.5 mL amber vial. Quantification of 15 compounds (4-hydroxybenzoic, 
benzoic, caffeic, catechol, coumaric, ferullic, hydrocaffeic, hydrocinnamic, 
hydroferullic, methycinnamic OH-phenyllactic acid, phenyllactic acid (PLA), phloretic, 
salicylic, vanillic) was done using a Shimadzu LC system (CMB-20A/LC-10AT) with 
Photodiode array detector (SPD-M10A) with a Gemini C18 (150 x 2.0 mm, 5 µm; 
Phenomenex, Macclesfield, UK) equipped with a guard column (AF0-8497; 
Phenomenex, Macclesfield, UK). The mobile phase composition was as follows solvent 
A) H2O with 0.1% formic acid and solvent B) ACN with 0.1% formic acid; this was 
filtered through a 0.2 µm filter and degassed by ultrasonic bath. A gradient flow was 
performed to ensure separation of compounds (0 min – 5% B; 5 min – 10% B; 10 min – 
30% B; 20 min – 30% B; 30 min – 40% B; 35 min – 40% B; 40 min – 95% B; 45 min – 
95% B) at a flow rate of 0.2 mL/min kept at a temperature of 30 °C. A volume of 10 µL 
was injected and a wavelength of 210 nm was chosen. 
6.3.7. F. culmorum macroconidia development using light microscopy 
F. culmorum spores were monitored during the antifungal microtiter plate well assay, 
for 7 days, and counts were determined with a haemocytometer in 2 h intervals. F. 
culmorum spores were inoculated in wort and in non-antifungal strain as controls. A 
light microscope Leica DM750 with ICC50 and Leica LAS Software using a PLAN 
10×/0.22 objective with phase-contrast was used. Picture frames are representative of 
duplicates from, at least, three independent replicates. 
6.3.8. Statistical analyses 
Technical and biological triplicates (n = 3) were done for all measurements. Results are 
reported as mean ± standard deviation. The normality test (Shapiro-Wilk) and equal 
variance test validated differences in mean values with more than 95% confidence 
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interval (P < 0.05) to apply Student’s t-test in mean values and detect statistically 
significant differences. SigmaPlot 12.0 software was used. Mycelial growth area was 
presented as a surface area from the logarithmic curve of the calculated definite integral 
with two (x, y) dependent variables: ∫  ( )   
 
 
. 
6.4. Results and discussion 
6.4.1. Preceding work 
For this study, LAB strains (from 12 initial strains; data not shown) were chosen based 
on preliminary screening trials and previous antifungal studies (Table 14).  
6.4.1.1. Impact of wort substrate on LAB viability and acidification rate 
The high cell density and LAB viability is a requisite to enable the production of 
bacterial metabolites and the acidification of the medium during the fermentations 
(Kwon et al., 2001). In addition, the acidification of the medium is an indicator for 
production of organic acids as well as a way to evaluate their resistance to acidic 
conditions (Leroy and De Vuyst, 2004; Lindgren and Dobrogosz, 1990). Therefore, 
lactic acid bacteria strains, fermented in wort and MRS medium, were characterized for 
total cell counts (CFU.mL
-1
), pH and TTA, during the fermentation time: 0, 48, 72, and 
120 h.  
Results show that LAB cell counts tend to be consistent within species and substrate 
and, dependent on the resident time in the medium (Attachment 2). Overall, LAB total 
cell counts were lower in wort substrate, when compared to MRS fermentations. Using 
MRS medium, all three strains (L. amylovorus DSM19280, DSM20552, L. reuteri R29) 
showed consistent cell counts between 8-10 log CFU.mL
-1
, when fermented for 24 to 
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120 h (Attachment 2). The exception was L. reuteri R29 cell counts which dropped 
about 1 log after 120 h of fermentation.  L. reuteri R29 cell counts did not differ when 
fermented in MRS and wort substrate (< 1 log).  
Using wort as a substrate, all strains show high cell viability up to 72 h of fermentation 
time, with similar cell numbers (< 1 log). After 120 h of fermentation, a clear drop in 
viability is perceived in all strains, with significantly lower cell counts, when compared 
to MRS fermentations. This is likely to be due to nutritional restrictions and from the 
cell by-products accumulated in the medium causing toxicity. Due to the lower wort 
buffer capacity, the pH drops faster and thus, further inhibits LAB growth (Attachment 
3). 
MRS medium is commonly used to grow LAB and it provides the required nutrients 
and chemical stimulants for the growth of the bacteria (Chopin, 1993; Hébert et al., 
2004). In contrast to this, wort substrate does not deliver the same optimal nutrients for 
LAB growth. This explains why LAB grow better in MRS than in wort. Nonetheless, 
results reveal that wort still supports sufficient LAB growth and viability 
(Charalampopoulos et al., 2002, 2003; Mayo et al., 2010).  
Both MRS and wort substrates showed comparable pH values (5.60 ± 0.10). Results 
reveal that, after 24 h of fermentation, all strains had pH values below 4.00, except for 
L. amylovorus DSM20552 fermented in wort (pH 4.39 ± 0.05) (Attachment 3). After 
120 h of fermentation in wort, L. amylovorus DSM19280 and L. reuteri R29 dropped to 
pH values below 3.5. This highlights the strain acidification capacity and adaptation to 
the substrate wort. The control strain (L. amylovorus DSM20552) had a higher pH value 
of 3.8 after 120 h of fermentation in wort, which also shows a significant acidification 
rate, even with slightly lower acid production, when compared to the other strains (L. 
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amylovorus DSM19280 and L. reuteri R29). Wort had a significantly lower buffer 
capacity, when compared to MRS. Therefore, wort has a significantly lower initial TTA 
level (1.38 ± 0.04), when compared to MRS media (7.15 ± 0.21). At the same time the 
pH decrease, which is due to the increase in TTA levels up to 24 h, this is followed by a 
slower increase rate until 120 h. Total titratable acidity levels from wort fermented with 
LAB ranged from 4.05 to 7.47 mL NaOH (1 mM), whereas in MRS ranged from 13 to 
29 mL NaOH (1 mM). 
All strains tested in this study showed good viability and capacity to acidify the 
substrate. The different LAB strains only varied slightly and it was therefore possible to 
use them for further trials. 
6.4.2. The antifungal capacity of LAB cfs obtained from wort 
Recently, several studies have demonstrated the potential of antifungal LAB in food 
systems against pathogens and spoilage fungi (Lavermicocca et al., 2003; Ryan et al., 
2009). LAB antifungal capacity is a function of the substrate and growth conditions 
applied, among which, the fermentation time has an essential role on the production of 
bacterial metabolites.  
In this study, LAB cfs was produced at three fermentation times for each LAB strain 
(48, 72, and 120 h). Table 15 shows the chemically acidified wort substrate and LAB 
cfs antifungal activity against F. culmorum macroconidia (10
4
 and 10
5
 spores.mL
-1
), 
under anaerobic conditions, over a time period of 7 days. The Fusarium inhibition 
profile of each LAB strain was based on both spore inhibition time (h) and relative 
mycelial development (% area). 
Hydrochloric (HCl) and lactic acids were used as controls to evaluate the impact of 
chemically acidified substrate on mould growth, without LAB inoculums. Wort was 
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chemically acidified to pH values comparable to the LAB cfs (3.5). F. culmorum 
macroconidia (10
4
 spores.mL
-1
) were used as fungal indicator strain for the control. 
Results showed that the acidified wort substrate has only a minimal inhibition effect on 
the germination of the fungal spores and at the same time lead to a further increase in 
the mycelial growth (Table 15). As seen in Table 15, the maximum spore inhibition as a 
result of acid addition is 28 h (lactic acid), with no inhibitory impact on the mycelium 
development. Therefore, any extended inhibition time as a result of LAB inoculum, will 
be a result of synergistic effects between pH and the antifungal LAB metabolites 
produced.  
Results show that LAB species applied in this study inhibited the growth of F. 
culmorum spores at levels of 10
4
 spores.mL
-1
. Significant differences between strains 
and fermentation time were detected. L. reuteri R29 cfs inhibited spores germination for 
7 days, after 48 h of fermentation, which is a result of an efficient antifungal capacity 
when using wort as a substrate. Instead, L. amylovorus DSM19280 cfs inhibited F. 
culmorum over 7 days, only after 120 h of fermentation time. After 120 h in wort, L. 
amylovorus DSM19280 shows a significant decrease in viable cells (5.5 log CFU.mL
-1
). 
This suggests that cell lysis might contribute to the L. amylovorus cfs antifungal 
potential. Hence, we hypothesize that cell lysis release cellular material, which inhibits 
the fungal growth. It has been suggested that cell autolysis, including the release of 
protein-based compounds is the reason for the inhibition at such a late stage of bacterial 
growth (Waters et al., 2013).   
The inhibitory capacity of the control strain was less than 48 h, with up to 20% of 
mycelial reduction, independent of fermentation time. This is in agreement with the 
lower acidification trend observed in the previous section. The selected negative control 
showed very little spore and mycelium inhibition. 
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Table 15. Acidified substrate and LAB cfs antifungal activity against Fusarium culmorum spores using the microtiter plate reader. 
 Spores concentration Supernatant Spores inhibition (h) Mycelial growth (%) 
C
o
n
tr
o
ls
 
10
4
 spores.mL
-1
 Wort (non-acidified) 16 h 100 
 Acidified wort - HCl (pH 3.5) 26 h 18.7 ± 2.2 
 Acidified wort - lactic acid (pH 3.5) 28 h 20.2 ± 5.0 
L
A
B
 s
tr
ai
n
s 
 Fermentation time 48 h 72 h 120 h 48 h 72 h 120 h 
10
4
 spores.mL
-1
 L. amylovorus DSM20552 (Control) 37 ± 1 28 ± 1 33 ± 2 -15.7 ± 3.9 -15.8 ± 2.3 -1.9 ± 0.2 
 L. amylovorus DSM19280 54 ± 0 35 ± 5 168 ± 0 -38.9 ± 9.2 -23.9 ± 5.1 -99.5 ± 0.3 
 L. reuteri R29 168 ± 0 168 ± 0 168 ± 0 -99.6 ± 0.1 -100 ± 0.9 -99.4 ± 0.4 
10
5
 spores.mL
-1
 L. amylovorus DSM20552 (Control) 9 ± 1 5 ± 1 12 ± 1 -8.5 ± 1.6 -2.4 ± 0.3 -10.5 ± 3.2 
 L. amylovorus DSM19280 9 ± 1 20 ± 2 24 ± 0 -33.6 ± 13.8 -20.9 ± 1.6 -6.7 ± 1.8 
 L. reuteri R29 168 ± 0 168 ± 0 168 ± 0 -96.8 ± 19.3 -97.3 ± 5.0 -99.0 ± 18.0 
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When challenged with F. culmorum spores at 10
5
 spores.mL
-1
, the antifungal activity of 
L. amylovorus DSM19280 cfs is not sufficient to inhibit such high level of spore 
contamination. Whereas L. reuteri R29 cfs inhibited the fungal growth for 7 days when 
challenged with 10
5
 spores.mL
-1
. Additionally, L. reuteri R29 cfs significantly inhibited 
F. culmorum mycelial growth by 68% ± 12, even when challenged with 10
6 
spore.mL
-1
. 
This is an exceptionally high concentration of F. culmorum macroconidia, which 
demonstrates that L. reuteri R29 has an exceptionally high antifungal activity. 
Antifungal assay plate trials confirmed the previous antifungal analyses (Figure 16).  
Plates with L. amylovorus DSM19280 (120 h) or L. reuteri R29 (48 h) cfs in wort, when 
overlaid with F. culmorum spores resulted in clear plates, with no fungal mycelium. 
Results show that both L. amylovorus DSM19280 (120 h) and L. reuteri R29 (48 h) cfs 
exhibited a strong antifungal activity in wort substrate, when compared to the controls 
(strain and substrate). 
 
 
Chapter 6. Lactic acid bacteria bioprotection applied to the malting process. Part I 
 
181 
 
Figure 16. Plates from the overlay agar method including L. amylovorus cfs (120 h) 
and L. reuteri cfs (48 h), with the respective controls (non-antifungal strain and 
substrate). 
 
In addition, the previous analyses allow the implementation of antifungal LAB cfs 
predictive statistical models. The Fusarium spores germination surface area, as a 
function of LAB growth conditions predicts the LAB cfs inhibitory potential 
(Attachment 4). 
6.4.3. Characterization of the antifungal LAB cfs 
6.4.3.1. LAB cfs residual sugars 
Barley extract (wort) is known to be rich in maltose and is commonly used as energy 
source during yeast fermentations (Oliveira et al., 2012a). Lactobacilli are known to 
have efficient carbohydrate fermentation pathways as well as additional secondary 
systems for energy production (Vos et al., 2011). L. amylovorus is obligatory 
homofermentative and uses the Embden-Meyerhof metabolic pathway (glycolysis) to 
metabolize hexoses. In contrast to that, L. reuteri is obligatory heterofermentative and 
uses the pentose phosphate (phosphogluconate pathway) as main metabolic pathway 
(Vos et al., 2011). Both species can metabolise maltose and produce lactic acid as the 
main by-product. The optimum substrate for Lactobacillus species includes nitrogen 
sources, polysaccharides, growth enhancers and vitamins, such as found in MRS 
medium (De Man et al., 1960). Cereal substrates, such as wort, are known to provide 
LAB with peptides; vitamins (B-group), metal ions, sulphate and phosphate elements 
sufficient to support growth (Rathore et al., 2012). Besides, cereal substrates can impart 
protective advantages to LAB, which leads to improved LAB viability, examples are 
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extracellular polysaccharides, free amino nitrogen, prebiotic non-digestible components 
and the production of polyols (mannitol sorbitol and erythriol) (Capozzi et al., 2012; 
Charalampopoulos et al., 2003; Kedia et al., 2007; LeBlanc et al., 2010; Rathore et al., 
2012; Vrancken et al., 2010). 
The sugar composition of the LAB cfs produced in wort was measured using HPLC and 
compared to MRS. It was found that wort contained a much higher amount of maltose 
(60 mg) than MRS (10 mg). Wort also contained maltotriose which was not found in 
MRS as well as much higher glucose concentrations. The results shown in Table 16 
revealed very little differences between the three strains both growing in MRS and in 
wort. However, results shown in Table 16 revealed that different sugar profiles were 
obtained, depending on the substrate used. In MRS, LAB strains metabolise 
preferentially monosaccharide’s (fructose and glucose) while, maltose seems to be the 
favoured substrate in wort. Previous studies show that glucose is metabolized 
preferentially over maltose and sucrose due to carbon catabolite repressions (CCR) 
(Salminen et al., 2004; Saulnier et al. 2007). This didn’t happen when LAB strains were 
fermented in wort. The main reason to favour maltose metabolism in wort, is due to the 
significantly high initial sugar concentration available which may favour a PMF-driven 
symport system. It is likely that a permease is responsible for the sugar translocation 
through the cell membrane with one proton, such as Lactococcus species (Salminen et 
al., 2004).  
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Table 16. Initial and residual sugars from substrate and LAB cfs respectively (g.L
-1
). 
 Substrate 
L. amylovorus DSM20552 (120 h) 
 (Control non-antifungal) 
L. amylovorus DSM19280 (120 h) L. reuteri R29 (48 h) 
Media MRS Wort MRS Wort MRS Wort MRS Wort 
Fructose 5 ± 0 7 ± 1 < 0.1 11.04 ± 2 < 0.1 4.13 ± 0 < 0.1 7.50 ± 1 
Glucose 5 ± 0 20 ± 2 < 0.1 23.07 ± 2 < 0.1 21.90 ± 3 < 0.1 22.90 ± 4 
Maltose 10 ± 0 60 ± 2  4.88 ± 1 47.62 ± 4 3.02 ± 1 51.26 ± 1 10 ± 2 51.32 ± 7 
Maltotriose - 15 ± 2 - 15.51 ± 2 - 16.84 ± 3 - 16.82 ± 3 
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Maltose can be cleaved by maltose phosphorylase and β-phosphoglucomutase 
(Andersson, 2002), releasing glucose, which would explain the constant residual 
concentration of glucose in LAB cfs. In addition, previous studies have shown that 
Lactobacilli metabolism can metabolise sugars simultaneously with no glucose 
repression (Teixeira et al., 2013).  
6.4.3.2. Influence of substrate on the quantity of antifungal compounds 
It is known that acids produced by LAB play an important role in the preservative effect 
of LAB. The antimicrobial effect of acids is due to the fact that undissociated acids can 
pass through the microbial lipid membranes and disrupting the host cell proton motive 
force (PMF) (Muhialdin et al., 2011; Reis et al., 2012; Schnürer and Magnusson, 2005).  
In previous studies reported in the literature (Brosnan et al., 2012; Schnürer and 
Magnusson, 2005) a range of acid based antifungal compounds were identified. In this 
study a total of 15 acid based antifungal compounds were used as references. The wort 
and MRS fermented with the three strains (L. amylovorus DSM19280, L. reuteri R29 
and L. amylovorus DSM20552 (control)) and the unfermented substrate were analysed 
for these compounds. The results are shown in Table 17 and 18, and Figure 17. 
Results depicted in Table 17 show that both MRS and wort contain residual amounts of 
acids in its composition. In addition, MRS had significantly higher amount of acids, 
when compared to wort (Table 17). The different initial composition of acid base 
compounds on the substrates is likely to contribute for the production of different LAB 
metabolites. It is known that, lactobacilli can generate energy through the degradation of 
organic acids (via the oxaloacetic acid and pyruvate) or through the conversion of 
phenolic compounds, such as coumaric or ferulic acids (Vos et al., 2011). In contrast to 
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this, the accumulation of certain antagonistic substances, such as acetic acid, can restrict 
the LAB growth. 
 
 
Figure 17. Chromatogram profile of antifungal compounds present in wort substrate 
(I), and produced in control strain (II); L. reuteri R29 (48 h) cfs (III); and L. 
amylovorus DSM19280 (120 h) cfs (IV). 1 = DL–Þ-Hydroxyphenyllactic acid; 2 = 4 – 
Hydroxybenzoic acid; 3 = 3,4 – Dihydroxyhydrocinnamic acid; 4 = Vanillic acid; 5 = 
Caffeic acid; 6 = 3 – (4-hydroxyphenyl) – propionic acid; 7 = Phenyllactic acid; 8 = p–
Coumaric acid;  9 = 3-(4-hydroxy-3-methoxyphenyl)propanoic acid; 10 = Benzoic 
acid; 11 = Ferulic acid; and 12 = Hydrocinnamic acid. 
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Results shown in Table 17 revealed that LAB cfs produced from wort or MRS, 
generated complex and significantly different organic acid profiles due to the different 
initial composition of the substrates, including, different carbon sources (Table 16). The 
production of lactic acid was considerably higher in LAB cfs generated in MRS media, 
when compared to wort. However, several other acid base antifungal compounds were 
more concentrated in the cfs produced from wort. Examples are hydrocaffeic, 
phenyllactic acid (PLA), and benzoic acids, in L. reuteri R29 cfs, and coumaric acid, in 
all three LAB cfs produced (Table 17). It is known that barley husks have a complex 
cell wall composition, including cellulose fibers (encased in arabinoxylans and 
hydroxycinnamates), pectins and phenolics compounds (Vogel, 2008). Therefore, this is 
likely to be the source of most of the hydrocynamic and phenolic compounds detected 
in wort substrate. 
Different carbohydrate sources have seen to affect the LAB by-products (Groben et al., 
1996). The same is true for minerals and proteins, which also exert a significant 
influence on the LAB antifungal metabolites produced. Previous results show that wort 
has an excess carbon source as well as several higher saccharides (slow metabolized 
sugars). Also, wort composition is likely to create phosphate and/or nitrogen starvation 
and thus, is likely to have an impact on the LAB biosynthetic pathways, namely, sugar 
transport and rate of sugar catabolism (Kuratsu et al., 2010; van de Guchte et al., 2002; 
Wright and Axelsson, 2012). Most of the metabolites detected are highly volatile and 
the lower concentration of some compounds after LAB fermentation, such as acetic 
acid, can be explained through evaporation (Table 17). 
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Table 17. Active antifungal acid-base compounds (µg.mL
-1
), including lactic and acetic acids (mM), detected in the control substrates, strain, 
and antifungal LAB cfs. 
Antifungal compounds 
(Attachment 5) 
MIC (reference) Substrate (blank) L. reuteri R29 cfs (48 h) 
(Sample - blank) 
L. amylovorus DSM19280 cfs (120 h) 
(Sample - blank) 
 L. amylovorus DSM20552 cfs (120 h) 
(control non-antifungal) 
(Sample - blank) 
  MRS  Wort  MRS  Wort  MRS  Wort  MRS  Wort  
Acetic acid 4 – > 500 a 47.64 ± 2.31 0.85 ± 0.24 29.48 ± 2.89 9.13 ± 1.35 18.20 ± 3.41 6.23 ± 1.35 2 ± 0.38 4.77 ± 1.06 
Lactic acid 200 – > 500 a 5.00 ± 1.02 9.22 ± 1.81 278.18 ± 22.94 87.51 ± 6.70 352.20 ± 31.98 112.01 ± 5.87 166.35 ± 18.65 63.42 ± 3.75 
4-Hydroxybenzoic > 1000 b 56,4 ± 0.80 4,0 < 0.01 49,4 ± 0.14 6,1 ± 0.03 -  3,3 ± 0.01 -  1,5 < 0.01 
Benzoic 20 – 2000  b, c 26,5 ± 1.10 16,6 ± 0.03 14,8 ± 1.52 30,5 ± 0.31 -  -  -  -  
Caffeic > 100  – 2000 b, d 17,7 ± 0.70 -  15,7 ± 0.19 1,9 ± 0.13 -  0,2 ± 0.01 -  -  
Catechol > 1000 b 1,5 ± 0.01 -  10,6 ± 0.43 1,0 ± 0.33 -  -  -  -  
Coumaric > 100 b 14,1 ± 0.53 6,7 ± 0.40 8,6 ± 0.50 17,8 ± 0.40 -  15,0 ± 2.40 -  13,2 ± 0.30 
Ferullic > 100  – 2000 b, d 31,2 ± 0.76 6,1 < 0.01 23,2 ± 0.09 6,0 ± 0.09 -  1,4 ± 0.02 -  -  
Hydrocaffeic > 10000 b 14,1 ± 0.27 14,4 ± 0.25 5,7 ± 0.80 11,0 ± 0.25 23,2 ± 2.10 -  12,1 ± 0.13 -  
Hydrocinnamic 100 – 1000 b 1,9 ± 0.87 2,9 < 0.01 -  2,2 ± 0.28 -  -  -  -  
Hydroferullic > 1000 b 46,2 ± 1.68 20,5 ± 1.24 25,4 ± 1.15 19,5 ± 0.14 0,8 < 0.01 -  3,4 < 0.01 -  
OH-Phenyllactic acid  3,9 ± 0.46 3,1 < 0.01 57,3 ± 0.24 41,5 ± 0.89 13,8 ± 0.02 6,6 ± 1.22 21,4 ± 1.01 8,0 ± 0.02 
Phenyllactic acid (PLA) 7500 - 10000 b, d 8,7 ± 1.35 -  86,5 ± 1.83 188,0 ± 2.51 34,7 ± 1.00 24,6 ± 1.01 25,1 ± 0.65 6,9 ± 0.04 
Phloretic  35,6 ± 1.14 9,3 ± 0.50 21,3 ± 0.32 11,1 ± 0.22 -  1,1 < 0.01 -  -  
Vanillic > 100 b 18,6 ± 0.10 7,6 ± 0.03 6,6 ± 0.24 7,7 ± 0.07 -  -  -  -  
a Wee et al. (2006); 
b Broberg et al. (2007); 
c Moore et al. (2008); 
d Piard and Desmazeaud (1991); 
e Ström et al. (2002). 
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Table 18. Acid-base antifungal compounds from LAB cfs after 48 and 120 h of fermentation in MRS and wort substrate (µg.mL
-1
). 
 
Substrate 
L. reuteri R29 cfs L. amylovorus DSM19280 cfs  
Inoculation time (h) 48  120    48  120    
Medium MRS  Wort  MRS Wort MRS Wort MRS Wort MRS Wort 
4-Hydroxybenzoic 56,4 ± 0.80 4,0 < 0.01 49,4 ± 0.14 6,1 ± 0.03 3,1 < 0.01 1,1 ± 0.02 15,3 ± 0.03    -  3,3 ± 0.01 
Benzoic 26,5 ± 1.10 16,6 ± 0.03 14,8 ± 1.52 30,5 ± 0.31 1,4 ± 0.03 20,1 ± 0.02 7,2 ± 0.31 0,2 < 0.01 -  -  
Caffeic 17,7 ± 0.70 -  15,7 ± 0.19 1,9 ± 0.13  -   -  3,0 ± 0.13    -  0,2 ± 0.01 
Catechol 1,5 ± 0.01 -  10,6 ± 0.43 1,0 ± 0.33 0,1 < 0.01 0,1 ± 0.01       -  -  
Coumaric 14,1 ± 0.53 6,7 ± 0.40 8,6 ± 0.50 17,8 ± 0.40  -  7,5 ± 0.01 6,0 ± 0.40 0,4 < 0.01 -  15,0 ± 2.40 
Ferullic 31,2 ± 0.76 6,1 < 0.01 23,2 ± 0.09 6,0 ± 0.09  -  1,9 ± 0.02 1,0 ± 0.09    -  1,4 ± 0.02 
Hydrocaffeic 14,1 ± 0.27 14,4 ± 0.25 5,7 ± 0.80 11,0 ± 0.25 0,3 < 0.01 5,2 ± 0.01 5,6 ± 0.25 0,6 < 0.01 23,2 ± 2.10 -  
Hydrocinnamic 1,9 ± 0.87 2,9 < 0.01 -  2,2 ± 0.28  -  1,4 ± 0.02 0,1 ± 0.28    -  -  
Hydroferullic 46,2 ± 1.68 20,5 ± 1.24 25,4 ± 1.15 19,5 ± 0.14 0,4 ± 0.01 7,1 ± 0.03 14,6 ± 0.14    0,8 < 0.01 -  
OH-Phenyllactic acid 3,9 ± 0.46 3,1 < 0.01 57,3 ± 0.24 41,5 ± 0.89 5,8 ± 0.11 22,5 ± 0.10 6,5 ± 0.89 0,3 < 0.01 13,8 ± 0.02 6,6 ± 1.22 
Phenyllactic acid (PLA) 8,7 ± 1.35 -  86,5 ± 1.83 188.0 ± 1.51 2,4 < 0.01 64,5 ± 0.52 12,3 ± 1.51    34,7 ± 1.00 24,6 ± 1.01 
Phloretic 35,6 ± 1.14 9,3 ± 0.50 21,3 ± 0.32 11,1 ± 0.22 0,8 ± 0.02  -  9,3 ± 0.22    -  1,1 < 0.01 
Vanillic 18,6 ± 0.10 7,6 ± 0.03 6,6 ± 0.24 7,7 ± 0.07  -   -  1,0 ± 0.07    -  -  
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6.4.3.3. Influence of species on the quantity of antifungal compounds 
Different antifungal compounds were detected within the different LAB species, which 
suggests that the production of LAB metabolites is species and possibly strain 
dependent. 
The control strain (L. amylovorus DSM20552 cfs (120 h)) had 6 antifungal compounds 
present in the supernatant, besides lactic and acetic acids. Most of these antifungal 
metabolites were present in minor concentrations, when compared to the two antifungal 
LAB cfs tested. In L. reuteri R29 cfs (48 h), 13 antifungal compounds were identified, 
in addition to lactic and acetic acids (Table 17; Figure 17). All metabolites were present 
in higher amount, when compared to the controls (substrate and strain). PLA (118.6 
µg.mL
-1
), OH PLA (41.5 µg.mL
-1
), and benzoic (30.5 µg.mL
-1
) acids were produced in 
significant concentrations. Hence, these acids can be important contributors to the L. 
reuteri R29 cfs (48 h) impressive antifungal capacity. L. amylovorus DSM19280 cfs 
(120 h) produced 7 antifungal compounds in wort (4-hydroxybenzoic, caffeic, 
coumaric, ferullic, OH-phenyllactic acid, phenyllactic acid and phloteric acids). Only 
PLA was present in higher amounts, when compared to the controls (substrate and 
strain). Four antifungal metabolites were present in L. amylovorus DSM19280 cfs (120 
h) fermented in MRS, of which, hydrocaffeic and PLA acids were present in 
significantly higher amounts, when compared to the controls. PLA and hydrocaffeic 
acids were the acids produced in the highest amount in MRS. 
The acids benzoic, 4-hydroxybenzoic, vanillic, caffeic, PLA, coumaric, benzoic, 
ferullic, and hydrocinnamic acids were previously identified from Lactobacillus 
amylovorus and L. reuteri (Brosnan et al., 2012; Guo et al., 2012). In this study, PLA 
was the compound found in the highest concentration in the bacterial supernatants, 
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which is in accordance with previous reports (Brosnan et al., 2012; Lavermicocca et al., 
2000). Due to the significantly higher concentration of PLA, in comparison to any of 
the other metabolites, it is likely that PLA has an important role to play in the L. reuteri 
R29 cfs (48 h). PLA and OH-PLA have been reported to be LAB metabolites 
responsible for antifungal properties of several LAB (Lavermicocca et al., 2000; 
Lavermicocca et al., 2003; Ryan et al., 2009; Waters et al., 2013).  A maximum of 2.30 
g.L
-1
 of PLA was produced after 32 h by Lactobacillus sp. using an optimized medium, 
where glucose, Tween-80, and phenylpiruvic acid (PPA) where the key ingredients (Mu 
et al., 2009). 
Benzoic acid was another one of the main acids produced by L. reuteri R29 cfs (48h). 
Benzoic acid occurs naturally in foods, in concentrations from 10 to 1000 mg.kg
-1
, and 
is used as a preservative in acidic foods (Abdel-Rahman et al., 2013). Benzoic and 4-
hydroxybenzoic acids are known to be intermediates metabolites associated with the 
metabolism of aromatic compounds. The inhibitory capacity of benzoic acid, apart from 
its pKa (undissociated state at pH 3: 93.5%), is mainly due to its lipid/water interphase 
coefficient and the ability to delocalize the negative charge of ions within the interior of 
the cells and respectively increase the membrane mobility (Narayanan et al., 2004). This 
fact might be associated with the high antifungal activity of L. reuteri R29 cfs (48h). 
L. reuteri R29 cfs (48 h) had a pH of 3.46 and L. amylovorus DSM19280 cfs (129 h) 
had a pH of 3.35. This allows most of the produced acids to be present at a high 
percentage of undissociated acid. Acids such as lactic (pKa: 3.86), acetic (pKa = 4.76), 
benzoic (pKa = 4.19), and PLA (pKa: 3.46) have a high undissociated % at pH 3.46. 
This explains the relevance of the pH and acid production for the LAB antifungal 
capacity. Therefore, even if lactic acid is the main antifungal LAB metabolite produced, 
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acetic and benzoic acids can be more inhibitory against moulds due to the fact that are 
present at the undissociated state, even if present in lower concentrations. 
The presence of a higher number and amount of mixed antifungal metabolites in L. 
reuteri R29 cfs (48 h) is a result of its heterofermentative metabolism. This fact may 
explain the faster and stronger antifungal performance of L. reuteri R29, when 
compared to L. amylovorus DSM19280 cfs (120 h). This correlates well with the 
antifungal results reported earlier. In addition L. reuteri R29 was isolated from an acidic 
niche (human source) which can provide the strain a easier adaptability to acidic 
conditions. LAB growth is normally inhibited by pH values lower than 4 and, results 
show that LAB cfs has a pH value below 4, after 24 h of fermentation. 
L. reuteri R29 cfs (48 h) and L. amylovorus DSM19280 cfs (120 h) LAB cfs fermented 
in wort substrate showed a strong fungal inhibition (section 6.4.2). However, most of 
the metabolites identified are below their minimum inhibitory concentration. Thus, it is 
likely that a synergistic/additive effect is responsible for the antifungal capacity of the 
supernatants, as suggested in previous studies (Brosnan et al., 2012; Lavermicocca et 
al., 2003; Niku‐Paavola et al., 1999).  
6.4.3.4. Influence of fermentation time on the quantity of antifungal 
compounds 
The influence of the fermentation time on the quantity of the 15 selected acid based 
antifungal compounds was determined and the results are shown in Table 18. For this 
study, the acid-base antifungal compounds were quantified after 48 and 120 h, both for 
L. reuteri R29 cfs (48 h) and L. amylovorus DSM19280 cfs (120 h).  
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Results show that the concentration of the compounds present in L. reuteri R29 (48 h) 
cfs are decreasing over time, both in MRS and wort. This indicates that the compounds 
have been degraded or used for further intermediate reactions. The amino acids 
metabolic pathways are a possible metabolic pathway that Lactobacilli used to generate 
energy. Several amino acids can be decarboxylated and excreted by LAB (Vos et al., 
2011). The amino acids tyrosine and phenylalanine are the main potential precursors for 
PLA and OH-PLA, as well as benzoic acid. Tyrosine can be converted to OH-PLA, 
while phenylalanine can be converted to PLA and benzoic acids, through transamination 
and dehydrogenation pathways (Gummalla and Broadbent, 2001). Phenylalanine can be 
converted to phenylpyruvic acid by an aminotransferase and a keto acid can be 
transformed to benzaldehyde, which, through oxidation, results in benzoic acid (Groot 
and de Bont, 1998). Previous studies have shown that the phenylalanine metabolic 
pathway leads to the production of PLA as well as other flavour volatiles, using L. 
plantarum and L. sanfranciscensis strains (Vermeulen et al., 2006). In addition, some of 
the reactions that occurred previously can be reversible, such as transaminations and 
dehydrogenation and thus, decrease the metabolites concentration. Furthermore, studies 
have shown that bacteria are capable of assimilation of hydroxybenzoic and benzoic 
acids (Vraný, 1960). The degradation of benzoic acid has been shown through the 
activation of benzoyl-Coenzyme A, reduction of the aromatic nucleus and the 
subsequent degradation of the alicyclic intermediates (Elder and Kelly, 1994). Also, 
phenolic acids, such as hydroxybenzoic (e.g. vanillic) and hydrocinnamic acids (e.g. 
caffeic, hydrocaffeic, coumaric, ferullic) have the capacity to influence LAB growth and 
are known to be involved in further reactions (Campos et al., 2003).  
In L. reuteri R29 (120 h) cfs, the acids PLA, benzoic and OH-PLA are present at higher 
concentrations, when compared to other acids. L. reuteri R29 (120 h) cfs showed a 
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strong antifungal activity (data not shown). Therefore, this confirms the important role 
of these acids on the antifungal activity, as seen in previous analyses (section 6.4.2).  
In contrast to these results, L. amylovorus DSM19280 cfs in wort shows a typical 
cumulative performance of antifungal metabolites over time. Results show that after 48 
h of fermentation time, the metabolites are present in much smaller amounts, when 
compared to L. amylovorus DSM19280 cfs (120 h),  which confirms the non-antifungal 
activity of L. amylovorus DSM19280 cfs (48 h) (section 6.4.2). L. amylovorus 
fermentation is homofermentative, with lactic acid as main product, hence, results in 
reduced number and concentration of mixed acids.  
6.4.4. Impact of LAB cfs on F. culmorum macroconidia  
F. culmorum initiates infections with the germination of one kind of asexual spores 
namely macroconidia (Wagacha and Muthomi, 2007). The germination of spores occurs 
within three main stages: a swelling, the emergence of the germ tube, and the 
development of the germ tube after its emergence (Allen, 1965). The F. culmorum 
macroconidia development was monitored during LAB cfs antifungal trials using the 
microtiter plate assay. Photomicrographs of F. culmorum spores development 
inoculated in non-antifungal fermented substrate (control), and LAB cfs (L. amylovorus 
DSM19280 cfs (120 h)) are depicted in Figures 18 and 19.  
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Figure 18. Photomicrographs from F. culmorum spores incubated in control (non-
antifungal strain). Antifungal assay after 0 – 12 h (A); from 12 - 18 h (B, C), and after 
24 - 32 h (D).  
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Figure 19. Photomicrographs from F. culmorum spores incubated in L. amylovorus cfs 
(120 h). Antifungal assay after 0 – 12 h (A); from 12 - 18 h (B, C), and after 24 - 32 h 
(D). Spores do not germinate and burst (arrow pointed). 
 
Results show that, after the initial fungal lag phase (Figure 18A), multiple germ tubes 
emerge from apical and middle spore compartments after 18 h, in the control strain, (L. 
amylovorus DSM20552) (Figure 18B). Following this, secondary mycelial subdivisions 
appeared (Figure 18C), and after 32 h, a dense mycelial network is formed in the 
supernatant of the control strain (Figure 18D). This is a typical dense mycelial network 
described for fungal macroconidia (Wagacha et al., 2012). Wort substrate showed the 
same results after 12 and 24 h (data not shown). In contrast to this, fungal spores 
inoculated in L. amylovorus DSM19280 and L. reuteri R29 cfs (data not shown) did not 
germinate after 7 days of incubation (Figure 19A-C). This is likely to result due to 
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different acids and concentrations produced in the different LAB supernatants. F. 
culmorum macroconidia burst, which can be seen in the photomicrographs. This 
observation is based on the particles found in the fermentation medium (Figure 19D). 
This is likely to happen when the spores attempt to form a germ tube to germinate being 
most sensitive to environment stress. This result supports the antifungal results 
previously reported in this study and confirms that LAB metabolites interfere with the 
internal metabolic regulation of fungal spores. In addition, this result reveals that fungal 
spores will not germinate (hibernate) in the fermentation medium after an extended 
incubation time.   
6.5. Conclusions 
This study demonstrates the suitability of wort-base extract for the production of LAB 
cell-free-supernatant with a strong antifungal activity. The natural source of wort makes 
it appealing to both the consumer and cereal/beverage industry as it is easily available 
and not restricted by permitted levels, such as synthetic chemical additives. The wort 
substrate enables good LAB cell viability and acidification rate for LAB cfs production 
which results in, at least, 7 days of antifungal activity. Clear differences in sugar and 
acid profiles were seen between wort and MRS. Both L. amylovorus DSM19280 and L. 
reuteri R29 were efficient in inhibiting F. culmorum macroconidia compared to the 
non-antifungal control strain. This is the first time that L. reuteri R29 cfs was 
characterized and 13 antifungal metabolites were identified. L. amylovorus produced up 
to 12 antifungal metabolites. Strains were seen to produce different metabolites and to 
have different fermentation times for optimum fungal inhibition capacity. Furthermore, 
L. reuteri R29 showed metabolic degradation of by-products over time, while L. 
amylovorus revealed a typical cumulative production mechanism. In addition to lactic 
Chapter 6. Lactic acid bacteria bioprotection applied to the malting process. Part I 
 
197 
 
and acetic acids, PLA, OH-PLA, and benzoic acids were present in higher 
concentrations and were shown to play an essential role in the supernatants antifungal 
capacity. L. reuteri R29 showed a unique capacity to inhibit Fusarium spores within 48 
h of fermentation. This makes it a strong candidate as a natural antifungal agent for the 
cereal industry. 
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7.1. Introduction 
Lactic acid bacteria (LAB) have been of great interest to the cereal/beverage industry 
due to their potential to improve the safety as well as the quality of cereal/beverage 
products.  
Malting is defined as the limited germination of cereal grains. During this process 
simple sugars and enzymes are generated. Steeping is the first stage of malting and is 
considered the critical stage for development of the microbiota. During steeping, 
soaking and air stages, with high moisture levels (over 95% RH), and with a 
temperature ranging between 14 to 16 °C, optimal conditions for the grain to grow are 
generated. The subsequent germination takes place for 4 to 6 days applying the same 
humidity conditions. Following the germination step, the third malting stage is called 
kilning, where the green malt grains are dried to reach moisture levels of 3 to 4% 
(Kunze, 2010). 
The above described malting process provides the optimal conditions for fungi, 
naturally present in grains, to proliferate (Rabie et al., 1997). Contaminated cereal 
grains containing pathogenic filamentous mould, can lead to mould proliferation during 
the malting stages. Fungi colonize healthy grains and produce mycotoxins, even if 
present in small concentrations (Oliveira et al., 2012b). These mycotoxins can 
accumulate in processed cereal-based food or beverages, such as malt and beer (Oliveira 
et al., 2012a; Oliveira et al., 2012b). It is well known that LAB species can play a 
positive role reducing fungal growth in cereal grains and products, due to their 
biological preservation capability (Vaughan et al., 2005). LAB also occur as part of the 
natural barley microbiota (Laitila, 2007). LAB microbiota present in grains include 
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genera such as Bacillus, Lactobacillus, Leuconostoc, Pediococcus, and Micrococcus 
(Justé et al., 2011). 
In recent years, research has focused on LAB with antifungal properties and their 
application as biopreservative agents (Dalié et al., 2010; Muhialdin et al., 2011; Oliveira 
et al., 2013). It is commonly accepted that the antimicrobial activity originated from 
LAB is mainly due to synergistic reactions between several metabolites. Lactic acid is 
the main acid involved in the antifungal activity due to the higher concentrations 
produced at the end of fermentation (Schnürer and Magnusson, 2005). However, other 
mixed acids are also involved, such as acetic, phenylactic, butanoic, and propionic 
acids. Other antimicrobial substances include bacteriocins, carbon dioxide, hydrogen 
peroxide (Niku‐Paavola et al., 1999; Yang and Chang, 2010), hydroxyl fatty acids 
(Black et al., 2013; Sjögren et al., 2003), cyclic-dipeptides (Ström et al., 2002) and other 
proteinaceous compounds (Ahmad Rather et al., 2013; Magnusson and Schnürer, 2001). 
The current perspectives on antifungal LAB as natural biopreservatives have recently 
been reviewed by Pawlowska et al. (2012) and Crowley et al. (2013).  
LAB have been applied before in the malting process as starter cultures expressing 
antifungal and detoxifying activity. In a previous study performed by Lowe and Arendt 
(2004), green malt was treated with Lactobacillus delbrueckii and Lactobacillus 
amylovorus. The application of these strains led to a reduction in Fusarium growth 
during the malting process. Liske et al. (2000) found that 12 isolates of LAB, including 
Lactobacillus salivarius, Streptococcus alactolyticus and Pichia membranaefaciens 
applied during the steeping stage, decreased the amount of Fusarium culmorum growth 
in malt. Further to this, work performed by Laitila et al. (2002) showed that a 
Lactobacillus plantarum culture can be effective in reducing the Fusarium growth. 
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Apart from the microbial stability, LAB are reported to contribute to other advantages 
in malt and beer, such as enhancing enzymatic activity, foam stability, filterability, malt 
modification and fermentation rates (Laitila et al., 2006; Lowe et al., 2005a; Lowe et al., 
2005b; Raulio et al., 2009). 
In a recent study, several LAB strains were screened for antifungal activity using cereal-
base extract as a substrate (Oliveira et al., submitted). Authors clearly showed that LAB 
cell-free supernatant (cfs), under controlled conditions, contained a high antifungal 
activity. L. reuteri R29 cfs (48 h) was considered the most effective antifungal cfs 
against Fusarium culmorum macroconidia. 
The main goal of the present study is to apply the antifungal LAB cfs generated in the 
previously study (Oliveira et al., submitted) to the malting process. The specific 
objectives of this study are to evaluate the antifungal potential of LAB cfs against F. 
culmorum growth and mycotoxin production under pilot-scale malting conditions; to 
evaluate the impact of substrate concentration on LAB cfs antifungal capacity and to 
quantify the acid-base antifungal metabolites present in the supernatant. Following this, 
the quality of the final malt generated with the best antifungal LAB cfs formulation will 
be investigated and compared with uninfected/infected malt, and malt generated with 
chemically acidified substrate (lactic acid) as control. To the author’s knowledge, this is 
the first study where LAB cfs, produced from wort extract, is applied to the malting 
process as a biopreservation biopreservative. Additionally, a direct association between 
LAB antifungal metabolites, Fusarium growth, and the mycotoxin production has also 
been shown.  
7.2. Material  
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Commercial spring barley (Hordeum vulgare, Quench variety), harvested in 2009, was 
supplied by the Malting Company of Ireland Ltd. (Cork, Ireland). Lactobacillus and 
Fusarium strains used in this study are described in Table 19. Fusarium culmorum 
TMW 4.2043 strain originally isolated from brewing barley was provided by the culture 
collection of Lehrstuhl für Technische Mikrobiologie, TU-Müenchen Weihenstephan. 
All reagents used in the following analyses were at least analytical grade. 
 
Table 19. Lactobacillus and Fusarium species used. 
Species Strain Source Library
a
 
Growth 
conditions 
Previous antifungal 
studies 
Bacteria      
Control strain 
(Lactobacillus amylovorus) 
DSM20552 Cereal DSM/UCC 37 °C Control non-antifungal 
Lactobacillus amylovorus DSM19280 Human DSM/UCC 37 °C 
(Lynch et al., 2014; 
Ryan et al., 2011) 
Lactobacillus reuteri  R29 Human UCC 37 °C 
New isolate, 
antifungal 
Mould      
Fusarium culmorum 
TMW 
4.2043 
Barley TMW/UCC 25 °C (Oliveira et al., 2012b) 
a
 Strain sources were coded as follows: TMW, Technical University of Munich-Weihenstephan; UCC, 
University College Cork. 
 
7.3. Methods 
7.3.1. Surface disinfection of barley grains 
Barley grains were sanitized according to the method described by Oliveira et al., 
(2012b). Briefly, 300 g of barley grains were disinfected with 2 L 10% (w/v) hydrogen 
peroxide (H2O2) solution for 10 min with continuous stirring. The grains were washed 
for 5 min with 2 L of distilled water. Subsequently, the grains were disinfected (5 min) 
and washed again, under the same conditions. Immediately following this treatment, the 
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grains were dried at room temperature for 24 h under vertical sterile laminar flow, 
followed by exposure to ultraviolet light (10 min). 
7.3.2. Preparation of fungal spore suspension and grains infection 
F. culmorum spore suspensions were prepared according to the method described by 
Mauch et al. (2010). Briefly, F. culmorum was cultivated on potato-dextrose agar 
(PDA) plates (Fluka Chemie AG, Buchs, Switzerland) at 25 °C for 5 days. Small pieces 
of F. culmorum inoculated PDA were transferred into synthetic nutrient-poor bouillon 
(SNB) (Nirenberg, 1976) with continuous stirring (120_rpm) at room temperature to 
stimulate spore production. Macroconidia counts were determined with a 
haemocytometer. A 2% (v/w) sterile filtered (30 µm filter paper) F. culmorum 
macroconidia suspension was used to inoculate sanitized barley grains. The latter were 
mixed and incubated at optimum fungal growth conditions (25 ºC, 98% relative 
humidity (RH)) for 5 days. Grains were homogeneously mixed and prepared for 
malting. Uncontaminated barley was processed in the same way as a control. 
7.3.3. Malting process 
Malting parameters were set according to the accepted method 1.5.3 from 
Mitteleuropäische Brautechnische Analysenkommission (MEBAK, 2011), and a 
modified method described by Oliveira et al. (2012b). A barley batch, with 20% (w/w) 
infected grains, was used to inoculate, by mixing, uninfected barley grains (80%). 
Uninfected barley grains were malted and used as a control. Air and germination stages 
were carried out in a humidity control chamber (Koma, Sunriser-AT, Koma 
Koeltechnische Industrie B. V., Netherlands) with a specific humidity of 98%. Steeping 
comprised of a 5 h wet stage followed by a 19 h air stage and another 4 h wet stage 
followed by a 20 h air stage. Steeping liquor was renewed for each cycle. The 
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germination lasted for 5 days, during which, grains were gently stirred and sprayed with 
1% (v/w) liquor, every 24 h. Kilning comprised of 16 h at 50 °C, followed by 1 h at 60 
°C, 1 h at 70 °C, and 5 h at 80 °C. A micro-malting machine (Joe White Malting 
Systems, Australia) was used for the kilning step. Finally, grains were cleaned with a 
thresher (Wintersteiger LD180, Wintersteiger AG, Ried, Austria) and stored in barrels. 
Steeping liquor and germination spray were substituted by specific LAB supernatants 
prepared according to method described in chapter 2.6 (Attachment 6). 
7.3.4. Quantification of Fusarium growth using a PCR-photometric assay 
Fusarium growth was determined in malt samples using a PCR and photometric assay 
based on the PCR method from Liske (2002), described by Oliveira et al. (2012b). 
Briefly, F. culmorum genomic DNA was extracted from 20 g of freshly ground malt 
grains with 55 mL of Milli-Q water and 25 mL of lysis buffer (20 mM EDTA, 10 mM 
Tris, 1% Triton-X-100, 500 mM guanidin-HCl, 250 mM NaCl, 1 L Milli-Q water) for 
15 min. Following, 3 min rest, sonication (1 min at 20 °C), and 15 min rest. Aliquots of 
1.2 mL supernatant were centrifuged for 1 min at 8,000 g. Fungal DNA isolation was 
performed with a High Pure PCR Template Preparation Kit, Roche (Roche Diagnostics 
GmbH, Germany. A 2 µL aliquot of genomic DNA was added to a reaction mixture of 
48 µL containing 1X reaction buffer (D1806 Sigma-Aldrich), 2.5 units of Taq 
Polymerase (D1806 Sigma-Aldrich), 2.5 mM of each deoxyribonucleotide triphosphate 
(dNTP), 25 pmol of each forward and reverse primer, and Milli-Q water. Species 
specific primers for F. culmorum gene involved in the trichothecene synthesis, OPT 18 
R, (Reverse primer: 5’ GAT GCC AGA CGC ACT AAG AT 3’) and OPT 18 F 
(Forward primer: 5’ GAT GCC AGA CCA AGA CGA AG 3’) were used (Eurofins 
MWG Operon, Ebersberg, Germany). DNA amplification was performed in a 
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TProfessional Basic Thermocycler (Biometra, Goettingen, Germany) with an initial 4 
min denaturation cycle at 94.ºC followed by 39 cycles of 20 s at 94 ºC, 20 s at 63 ºC, 
and 30 s at 72 ºC with a final extension cycle of 5 min at 72 ºC. To quantify the PCR 
product, a Qubit® 1.0 Fluorometer (Invitrogen) was used with a Qubit dsDNA BR 
Assay kit (Q32853 Invitrogen). Samples were prepared as per manufacturer’s 
instructions. The concentration was calculated in µg.mL
-1
 of elution buffer. The linear 
range of PCR system was validated through a sigmoid curve of F. culmorum DNA 
(Attachment 1). 
7.3.5. DON mycotoxin analyses using HPLC 
The mycotoxin deoxynivalenol (DON) was analyzed by a DIONEX HPLC system, with 
an attached UV detector at λ = 224 nm, and a Lichrospher 100 RP 18.5 µm column 
(Macherey-Nagel). The eluent used was water/methanol (85/15%). Samples were 
purified with an immune-affinity column (Coring System; DONStar) for the 
quantitative analysis with a recovery rate of about 90%. Reference standards of different 
dilutions (Fluka) were used for each analysis. Limit of quantification for DON using 
this method was 200 µg.kg
-1
. 
7.3.6. Production of barley extract and LAB cell-free-supernatant (cfs)  
Firstly, barley grains were malted according to the method 1.5.3 from Mitteleuropäische 
Brautechnische Analysenkommission (MEBAK, 2011), with changes mentioned in the 
previous chapter (Malting process). Furthermore, a 60 L pilot-scale brewery comprising 
of a lauter tun, a combined mash-boiling vessel and a whirlpool tank was used to 
produce a final 12 °P wort extract (100%). A 1:5 malt grist (0.7 mm size) to liquor ratio 
was used with the mashing system: 50 °C for 15 min; 62 °C for 30 min; 72 °C for 30 
min, and 78 °C for 2 min. Following a grist-liquor separation step, the liquor was 
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diluted (3 × 10 L at 78 °C), boiled until a 12 °P, and cooled through the heat exchanger. 
The substrate was filtered through a sterile 0.45 µm MINISART®-plus filter (Sartorius 
Stedim Biotech GmbH, Goettingen Germany) prior to use. LAB were grown for 48 h on 
MRS agar plates in anaerobic atmosphere. A single colony was pitched and inoculated 
into a 10 mL MRS broth (pre-inoculum) and incubated at 37 °C for 20 h. An overnight 
(16 h) 1% of fermented MRS broth was then used to inoculate wort substrate before 
starting the wort fermentations with a 1% inoculum in 1 L wort substrate. Bacterial 
suspensions were incubated at the respective temperatures and time (see Table 20), 
ultra-centrifuged (9770 g x 10 min at 4 °C) and pasteurized (70 °C for 1 min). 
 
Table 20. Controls and LAB cfs used in malting trials with antifungal characteristics 
challenging F. culmorum (10
4 
spores.mL
-1
) with wort substrate. 
LAB cell-free-supernatant Growth 
time 
(h) 
pH TTA Spore 
inhibition time 
(h) 
Mycelial 
decrease 
(%) 
Substrate  0 5.59 ± 0.02 1.38 ± 0.04 16 0 
Acidified substrate 0 3.30 ± 0.02 - 28 0 
Control non-antifungal strain 
(Lactobacillus amylovorus 
DSM20552) 
120 3.80 ± 0.28 5.10 ± 0.57 33 2 
Lactobacillus amylovorus 
DSM19280 
120 3.35 ± 0.12 5.40 ± 0.40 168 100 
Lactobacillus reuteri R29 48 3.46 ± 0.18 7.40 ± 0.42 168 100 
 
7.3.7. Characterization of malt grains  
Barley malt was characterized by standard Analytica EBC (1998) methods, see Table 
24. Barley grains germination energy was measured and malted grains were 
characterized by measuring: moisture content, total nitrogen, thousand corn weight, 
sieving, friability, glassy corns, and partially unmodified grains. Total malting loss was 
calculated gravimetrically. Wort was produced by the standard EBC congress mash 
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(method 4.5.1) and evaluated by analysing its extract (DMA 4500M, Anton Paar, Graz, 
Austria), saccharification, pH, filtration time, odour, colour, and viscosity (falling ball 
viscometer). 
7.3.8. Sugars and organic acid profiles using HPLC 
Sugars and organic acids were determined by an Agilent 1260 Infinity HPLC system 
with a refractive index detector. Analyses were performed using an Agilent Hi-Plex H, 
7.7 x 300 mm, 8 µm column. The eluent used was 0.004M H2SO4 at a flow rate of 0.5 
mL.min
-1
. The volume of the injection was 10 µL. The column was maintained at 65 
°C. Sample peaks were calibrated (5 to 100 M.L
-1
) with external standards (glucose, 
maltose, maltotriose, fructose, lactic acid, and acetic acid) (Sigma-Aldrich). A linear 
correlation between peak area and concentration was used. Triplicate injections 
generated a weight linear regression. 
7.3.9. Antifungal compounds quantification using the QuEChERS method 
and HPLC-UV/PDA analysis 
For the samples preparation, 10 mL of the cfs wort was added to 10 mL of EA with 1 
mL formic acid in 4 g of MgSO4 and 1g NaCl and shaken for 1 min; the mixture was 
centrifuged for 10 min at 3,000 rpm. 5 mL of the organic solvent was removed and 
added to dSPE kit Agilent 5982-4956 (150 mg C18 and 900 mg MgSO4) shaken for 1 
min; centrifuged for 10 min at 3,000 rpm and decanted into a test tube containing 100 
µL of DMSO. This solution was dried under N2 until only 100 µL DMSO remained. 
400 µL of 90/10 H2O/ACN was added to solution and vortexed. It was then filtered 0.2 
µm into a 1.5 mL amber vial. Quantification of 15 compounds (4-hydroxybenzoic, 
benzoic, caffeic, catechol, coumaric, ferullic, hydrocaffeic, hydrocinnamic, 
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hydroferullic, methycinnamic OH-phenyllactic acid, phenyllactic acid (PLA), phloretic, 
salicylic, vanillic) was done using a Shimadzu LC system (CMB-20A/LC-10AT) with 
Photodiode array detector (SPD-M10A) with a Gemini C18 (150 x 2.0 mm, 5 µm; 
Phenomenex, Macclesfield, UK) equipped with a guard column (AF0-8497; 
Phenomenex, Macclesfield, UK). The mobile phase composition was as follows solvent 
A) H2O with 0.1% formic acid and solvent B) ACN with 0.1% formic acid; this was 
filtered through a 0.2 µm filter and degassed by ultrasonic bath. A gradient flow was 
performed to ensure separation of compounds (0 min – 5% B; 5 min – 10% B; 10 min – 
30% B; 20 min – 30% B; 30 min – 40% B; 35 min – 40% B; 40 min – 95% B; 45 min – 
95% B) at a flow rate of 0.2 mL/min kept at a temperature of 30 °C. A volume of 10 µL 
was injected and a wavelength of 210 nm was chosen. 
7.3.10. Statistical analyses 
Technical and biological triplicates (n = 3) were done for all measurements, except 
DON analyses, which were performed in duplicate where a standard deviation is 
included. The malting process was performed in duplicate. Results are reported as 
means ± standard deviation. The normality test (Shapiro-Wilk) and equal variance test 
validated differences in mean values with more than 95% confidence interval (P < 0.05) 
to apply Student’s t-test in mean values and detect statistically significant differences. 
Mycelial growth was quantified as a surface area from the logarithmic curve of the 
definite integral:  ∫  ( )   
 
 
. ANOVA was applied by post hoc comparison test 
(Duncan’s test) at α < 0.05 to evaluate significant differences between the final malt 
batches. SigmaPlot 12 software was used. 
7.4. Results and Discussion 
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7.4.1. Preceding work  
LAB cfs used in this study were chosen based on preliminary screening trials (Oliveira 
et al., submitted). Table 20 shows the characteristics of controls and LAB cfs used in 
this study. 
Germination energy (GE) was analysed to investigate the impact of LAB cfs in barley 
grains. Figure 20 shows the GE % of barley grains, using different steeping liquors, and 
the LAB cfs used in the malting trials.  
 
 
Figure 20. Germination energy (%) from barley grains using water (reference), wort 
substrate (control), and LAB cfs fermented for 48 and 120 h. 
 
Results show that, using water as steeping liquor (water) resulted in a GE of 94±1% 
while a significant reduction of 30% was observed using wort substrate (control 
substrate). Both LAB cfs reduced significantly the GE %, in comparison to the 
reference. In addition, a pronounced decline in GE was observed for LAB cfs with 
longer fermentation time (Figure 20). 
The use of LAB cfs inoculums decreased the natural capacity for grains to germinate, 
which results in lower GE values, compared to standard requirements (EBC 3.6.2). 
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However, barley grains kept their viability with the lower GE values being attributed to 
an independent decreased rootlet development. Therefore, grains kept their enzymatic 
activity and are suitable for malting. This is in accordance to previous studies (Mauch et 
al., 2011). 
7.4.1.1. Impact of F. culmorum on barley grains  
Fusarium is one of the main field filamentous fungal genus causing complex diseases to 
small grain cereals, such as barley and wheat (Bushnell et al., 2003). Fusarium 
mycotoxins, such as DON, are commonly detected in malt and cereal-base beverages, 
such as beer (Haikara, 1983; Kostelanska et al., 2011).  
Prior to the malting process, barley grains were infected in vitro with a pure Fusarium 
culmorum macroconidial suspension. The initial infection of 20% of the barley grains 
resulted in 4.22 µg.mL
-1
 of F. culmorum biomass and 128±16 µg.kg
-1
 of mycotoxin 
DON accumulated in green malt (Figure 21). The concentrations obtained correspond to 
the initial barley batch contamination to be malted, in line with previous results 
presented by Oliveira et al. (2012b). 
7.4.2. Application of LAB cfs in malting 
7.4.2.1. Impact of LAB cfs on mould growth and mycotoxin DON  
In infected grains, Fusarium proliferates by cross-contaminating healthy grains and 
produces mycotoxins (Oliveira et al., 2012b; Vegi et al., 2011). 
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Figure 21. Fusarium biomass (DNA) and mycotoxin deoxynivalenol (DON) concentrations in initial barley batch (20% infected) and in final 
malt batches, using water (control fungi), wort substrate (control substrate), L. amylovorus DSM19280 (120 h) and L. reuteri R29 cfs (48 h) 
using a 12, 6 and 3 °P inoculums, as steeping liquor. Uninfected batch control had no detected fungi DNA and DON. 
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 Therefore, the implementation of natural antifungal biopreservatives is of particular 
interest to the malting process.  
L. reuteri R29 cfs (48 h) and L. amylovorus DSM19280 cfs (120 h) showed a strong 
antifungal potential in vitro (Oliveira et al., submitted). For this reason, these 
supernatants were chosen to be applied to the malting process, as steeping liquor. Figure 
21 shows the fungal biomass and DON concentrations in the final malt batches. These 
includes the initial 20% infected barley; the control malts (using water as steeping 
liquor (control fungi); using acidified wort as steeping liquor (control substrate); using a 
non-antifungal LAB strain as steeping liquor (control strain)); and malt with LAB cfs 
inoculums, (L. reuteri R29 cfs (48 h) and L. amylovorus DSM19280 cfs (120 h)). 
Results show that, using water as steeping liquor resulted in a 4-times increase  in F. 
culmorum biomass (19.84 µg.mL
-1
), and over 2-fold increase in mycotoxin DON (1358 
µg.kg
-1
). This corresponds to a significant increase in F. culmorum biomass and 
mycotoxin DON, in line with previous reports (Oliveira et al., 2012b; Vegi et al., 2011).  
The use of acidified wort substrate as steeping liquor resulted in a significant decrease 
of 60% and 57%, in F. culmorum biomass and mycotoxin DON, respectively, in 
comparison to the control of the added fungi. The control substrate was acidified with 
lactic acid to a final pH of 3.3, which is comparable to the pH values of the LAB cfs 
used.  
Lactic acid is known to be an efficient chemical antifungal additive (Schnürer and 
Magnusson, 2005), and its strong inhibition capacity has been described before 
(Oliveira et al., submitted). Therefore, results from the chemically acidified control 
substrate are expected to show the substrate inhibition capacity comparable to no LAB 
inoculum. 
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Malt batches with L. reuteri R29 and L. amylovorus DSM19280 cfs inoculums did not 
reduced F. culmorum biomass, when compared to the control fungi (Figure 21). 
Nonetheless, L. reuteri R29 and L. amylovorus DSM19280 cfs significantly reduced the 
mycotoxin DON concentration in grains by 60% (547 µg.kg
-1
) and 67% (452 µg.kg
-1
) 
respectively. The aerated stages and colder temperatures used during the malting 
process could have favoured the fungal proliferation which can explain the reduced 
fungal inhibition, in comparison to the previous in vitro results. Also, sugar metabolism 
can be significantly different (Condon, 1987). A possible negative impact of the 
produced exgonenous fungal enzymes or mycotoxins present in grains on the LAB 
metabolites antifungal capacity cannot be excluded.  
The increased fungal biomass in malt inoculated with LAB cfs led to the hypothesis, 
that the amount of carbohydrates present in the substrate (12 ºP) sustained fungal 
growth. In this case, a dilution in wort substrate would be advantageous as long as 
nutrient availability would meet the LAB nutritional requirements. To investigate this 
hypothesis, L. reuteri R29 cfs (48 h) was selected as it showed the best inhibition 
capacity in previous studies. In addition, L. reuteri metabolism is obligatory 
heterofermentative and thus, uses the pentose phosphate pathway to ferment sugars to 
produce mixed acids. This can be an advantage, compared to homofermentative strains, 
such as L. amylovorus (Barrangou et al., 2012). 
7.4.2.2. Impact of wort substrate composition on the LAB cfs antifungal 
activity 
L. reuteri R29 strain was selected for further studies due to its metabolic advantages 
providing the LAB cfs with a better antifungal performance (Oliveira et al., submitted).  
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In addition to the undiluted wort substrate (12 °P) used, two other substrates were 
prepared, one with 6 °P and the other with 3 °P. These worts were used to produce the 
respective L. reuteri R29 cfs (6 °P/3 °P). 
The total cell counts, pH and TTA of L. reuteri R29 fermented wort with 6 °P and 3 °P 
were analyzed in preliminary trials (Table 21). Results showed that cell counts were 
within the acceptable viability for inoculum. In addition, an inverse proportionality 
between pH and TTA levels and wort concentration was observed which corresponded 
to an acidification rate in line with previous analyses (Table 20). 
 
Table 21. Characterization of L. reuteri R29 produced with 12, 6, and 3 °P wort 
substrate. 
 L. reuteri R29 cfs   
 12 °P 6 °P 3 °P 
CFU 3.44E+08 ± 1.43E+08 4.10E+08 ± 1.56E+08 5.75E+07 ± 3.54E+06 
pH 3.46 ± 0.18 3.43 ± 0.05 3.30 ± 0.02 
TTA 7.40 ± 0.42 4.60 ± 0.22 3.95 ± 0.15 
 
During malting, results showed that the two malt batches, using L. reuteri R29 cfs (6 
°P) and (3 °P), resulted in a significant fungal biomass decrease, in comparison to L. 
reuteri R29 cfs (12 °P) (Figure 21). L. reuteri R29 cfs (6 °P) inhibited the fungal 
biomass by 41%, however, there was no reduction in DON levels. L. reuteri R29 cfs (3 
°P) reduced Fusarium biomass and DON mycotoxin by more than 33 and 58%, 
respectively. This result shows that a 3 °P wort substrate is adequate to support LAB cfs 
viability and to significantly restrict fungal growth.  
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The analysis of the residual sugars from the cfs generated with a 6 °P wort reveal a 
significant increase in substrate consumption, when compared with LAB cfs using a 12 
°P wort (Table 22). However, LAB cfs generated with 3 °P wort strength showed an 
overall decrease in sugar levels including 3-fold less maltose and over 6-times less 
maltotriose. Maltose was the most consumed sugar followed by similar amounts of 
fructose and glucose, in both supernatants produced. This is in accordance with 
previous results (Oliveira et al., submitted). 
L. reuteri R29 cfs (3 °P) showed the best fungal inhibitory capacity, as described in 
previous results. Therefore, the extra sugar consumption, using a 6 °P wort, revealed to 
be inefficient in improving the LAB cfs antifungal capacity. Nonetheless, the initial 
restriction of the sugars in the LAB cfs (3 °P) improved the overall antifungal activity. 
This shows that the main reason for the improved fungal inhibition is the nutritional 
restriction of the fungal growth and, possibly, LAB metabolites resulting from cell 
starvation. 
Table 23 shows the acid profile of the substrate, acidified substrate, control strain, and 
L. reuteri R29 cfs generated from 12, 6, and 3 °P substrate concentration. 
Chromatogram profiles of antifungal compounds present in wort substrate and L. reuteri 
R29 cfs (12/6/3 °P) are depicted in Figure 22. 
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Table 22. Residual sugars from L. reuteri R29 cfs (12 °P), (6 °P), and (3 °P) (g.L
-1
). 
 L. reuteri R29 cfs 
 12 °P 6 °P 3 °P 
  Δ(i-f) %  Δ(i-f) %  Δ(i-f) % 
Fructose 6.50 ± 1 7 1.01 ± 0.45 71 0.56 ± < 0.01 68 
Glucose 23.90 ± 4 Nd 
a
 7.53 ± 2.23 25 3.68 ± 0.03 26 
Maltose 50.32 ± 7 16 17.34 ± 3.05 42 10.85 ± 0.15 28 
Maltotriose 17.82 ± 3 Nd 
a
 6.00 ± 1.29 20 3.62 ± 0.75 3 
a
 is consumption not significantly different. 
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Table 23. Lactic and acetic acids (mM) and active antifungal acid-base compounds (µg.mL
-1
) detected in substrate and LAB cfs. 
 Substrate (blank)  Control Control strain L. reuteri R29 
cfs 
       
Media Wort Acidified wort (pH 3.3) Wort 12 °P Wort 12 °P 
 (Sample - blank)
*
 
Wort 6 °P  
(Sample - blank) 
Δ % 
(12 – 6 °P ) 
Wort 3 °P 
(Sample - blank) 
Δ % 
(12 – 3 °P ) 
Acetic acid 0.85 ± 0.24 3.39  ± 0.65 4.77 ± 1.06 9.13  ± 1.35 6.21  ± 1.54 68 3.98  ± 0.36 57 
Lactic acid 9.22 ± 1.81 93.41  ± 0.58 63.42 ± 3.75 87.51  ± 6.70 49.59  ± 3.01 44 41.81  ± 3.96    48 
4-Hydroxybenzoic 4,0 < 0.01 4.0 < 0.01 1,5 < 0.01 6.1 ± 0.03 3.2  < 0.01 53 -  -  
Benzoic 16,6 ± 0.03 16.5 ± 0.05 -  30.5 ± 0.31 22.5 ± 0.03 73 10,0 ± 0.03 32 
Caffeic -  -  -  1.9 ± 0.13 - - - - - - 
Catechol -  -  -  1.0 ± 0.33 - - - - - - 
Coumaric 6,7 ± 0.40 6.9 ± 0.50 13,2 ± 0.30 17.8 ± 0.40 3.0 ± 0.01 17 0.7 ± 0.01 4 
Ferullic 6,1 < 0.01 5.9 < 0.24 -  6.0 ± 0.09 1.7 ± 0.03 28 - - - 
Hydrocaffeic 14,4 ± 0.25 14.0 ± 0.28 -  11.0 ± 0.25 3.3 ± 0.03 30 - - - 
Hydrocinnamic 2,9 < 0.01 3.1 < 0.01 -  2.2 ± 0.28 0.3 ± 0.01 15 - - - 
Hydroferullic 20,5 ± 1.24 20.4 ± 0.92 -  19.5 ± 0.14 10.8 ± 0.01 55 5.7 ± 0.01 29 
OH-Phenyllactic acid 3,1 < 0.01 3.1 < 0.01 8,0 ± 0.02 41,5 ± 0.89 27,9 ± 0.02 66 0.9 ± 0.01 2 
Phenyllactic acid (PLA) -  -  6,9 ± 0.04 188.0 ± 1.51 161.5 ± 1.03 86 127.6 ± 1.65 68 
Phloretic 9,3 ± 0.50 9.3 ± 0.03 -  11.1 ± 0.22 7.4 ± 0.02 63 3.5 ± 0.01 29 
Vanillic 7,6 ± 0.03 7.5 ± 0.01 -  7.7 ± 0.07 4.1 ± 0.03 54 1.1 ± 0.02 15 
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Figure 22. Chromatogram profile of antifungal compounds present in wort substrate 
(I), and produced in L. reuteri R29 cfs (12 °P) (II); L. reuteri R29 cfs (6 °P) (III); and L. 
reuteri R29 cfs (3 °P) (IV). 1 = DL–Þ-Hydroxyphenyllactic acid; 2 = 4 – 
Hydroxybenzoic acid; 3 = 3,4 – Dihydroxyhydrocinnamic acid; 4 = Vanillic acid; 5 = 
Caffeic acid; 6 = 3 – (4-hydroxyphenyl) – propionic acid; 7 = Phenyllactic acid; 8 = p 
– Coumaric acid;  9 = 3-(4-hydroxy-3-methoxyphenyl)propanoic acid; 10 = Benzoic 
acid; 11 = Ferulic acid; and 12 = Hydrocinnamic acid. 
 
The concentration of lactic and acetic acids present in LAB cfs decreased successively 
with the dilutions in the initial wort substrate. However, the production of these acids 
was higher than the proportional substrate dilution. In fact, the combination of the 
reduced nutrients (sugars) could have been crucial to the improved antifungal potential 
of LAB cfs (3 °P), in comparison to LAB cfs (12 °P). Also, L. reuteri R29 cfs (3 °P) 
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inhibited F. culmorum over 2-times more than the acidified substrate control which 
contains 93.41 mM of lactic acid (Figure 21). This lactic acid concentration is twice as 
much the lactic acid present in LAB cfs (3 °P). In addition, this concentration is also 
less than the common minimum inhibitory concentrations in previous studies, which 
indicate that, the other metabolites produced, are essential for the antifungal capacity, 
and are likely to have any effect individually.  
L. reuteri R29 cfs (12 °P), L. reuteri R29 cfs (6 °P) and L. reuteri R29 cfs (3 °P) 
produced 13, 11 and 7 antifungal compounds in wort, respectively.  
L. reuteri R29 cfs (3 °P) accumulated 68% of phenylactic acid (PLA) (127.6 µg.mL
-1
) 
and 32% of benzoic acid (10 µg.mL
-1
) as major metabolites, when compared to L. 
reuteri R29 cfs (12 °P). In addition to lactic and acetic acids, PLA and benzoic acids 
seem to be essential to the antifungal potential of L. reuteri R29 supernatant, as 
suggested by Oliveira et al. (submitted). 
 
7.4.2.3. Impact of the optimized wort-base LAB cfs on the malt quality  
Good malt quality attributes are essential for the application of the malt in the brewing 
industry (Bamforth, 2006).  
Based on the previous malting results, L. reuteri R29 cfs (3 °P) cfs showed the best 
DON inhibition results (Figure 21), which is in accordance with the visual assessment 
of the final malt batches (Figure 23). The application of L. reuteri cfs (3 °P) resulted in 
clear golden pale grains (Figure 23B), when compared to the control batch, inoculated 
with fungi which revealed visibly high numbers of heavily infected red kernels.  
Malt produced with L. reuteri R29 cfs (3 °P) could be used as ingredient for cereal-
based products based on the concentrations of DON which is significantly below the EU 
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maximum limits (0.5 mg.kg
-1
). For this reason, the quality parameters from the malt 
produced with cfs were further investigated. Table 24 shows the standard malting 
methods and malt quality parameters from L. reuteri R29 cfs (3 °P), compared to 
infected, non-infected, and acidified substrate controls.  
 
 
Figure 23. Green malt grains representative from the infected control fungi batch, 
using water as steeping liquor (A) with visibly infected grains (reddish grains), and 
from the malt batch using L. reuteri cfs (3 °P) (B). 
 
Results show that the malt quality attributes are significantly affected by the initial F. 
culmorum infection, when compared to both controls (non-infected and infected).  
The use of chemically acidified substrate (lactic acid) in infected grains resulted in a 
significant increase on the total nitrogen, protein and grains friability. These are relevant 
differences in quality parameters for the malting process. The decrease in grain’s weight 
and in the number of glassy and partially unmodified grains is also technologically 
relevant. In addition, malt loss increased over 62% due to the F. culmorum infection. 
This was comparable to the malt loss obtained using L. reuteri R29 cfs (3 °P). 
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Table 24. Malt quality attributes from Lactobacillus reuteri R29 cfs (48 h) 3 °P, compared with non-infected, infected and acidified substrate 
controls. Substrate was acidified with lactic acid to equal the LAB cfs pH value.   
Malt analysis  Method  Unit  Uninfected malt grains  Infected malt grains 
Control malt 
*
 Control substrate (pH 3.3)  Control fungi 
*
 Control substrate (pH 3.3)  R29: (3 °P)  
Moisture (final malt)  EBC 4.2  % m/m  4.5 ± 0.05 
a
 4.2 ± < 0.01 
b
  4.6 ± 0.11 
a
 4.0 ± < 0.01 
c
  4.2 ± < 0.01 
b
  
Total nitrogen  EBC 4.3.1  % m/m  1.40 ± 0.01 
a
 1.35 ± 0.03 
b
  1.44 ± 0.04 
c
 1.51 ± 0.02 
d
  1.48 ± 0.02 
d
  
Protein  
(total nitrogen × 6.25)  
EBC 4.3.1  % m/m  8.7 ± 0.1 
a
 8.41 ± 0.16 
b
  9.0 ± 0.2 
c
 9.44 ± 0.12 
d
  9.27 ± 0.12 
d
  
Thousand corn weight  EBC 4.4  g  35.7 ± 0.1 
a
 37.8 ± 0.4 
b
  35.9 ± 0.4 
a
 36.2 ± 0.2 
c
  36.4 ± 0.1 
c
  
Sieving  EBC 4.22  > 2.8 mm %  81.5 ± 1.1 
a
 88.9 ± 0.1 
b
  74.8 ± 1.1 
a
 86.2 ± 0.2 
c
  83.8 ± 0.7 
d
  
Friability  EBC 4.15  %  82.5 ± 1.2 
a
 60 ± 1.7 
b
  86.9 ± 0.1 
a
 93.6 ± 0.2 
c
  92.5 ± 0.3 
c
  
Glassy Corns  EBC 4.15  %  3.1 ± 0.7 
a
 8.6 ± 0.1 
b
  3.1 ± 0.9 
a
 2.5 ± 0.3 
a, c
 1.9 ± 0.3 
c
  
PUG  EBC 4.15  %  6.3 ± 1.5 
a
 27 ± 1.7 
b
  5.6 ± 0.5 
a
 3.3 ± 0.1 
c
  2.7 ± 0.3 
c
  
Malting loss  Gravimetric  % m/m  8.9 ± 0.3 
a
 12.31 ± 1 
b
 11.3 ± 0.4 
b
 20 ± 1 
c
 18.46 ± 1 
c
 
Wort analysis         
Extract  EBC 4.5.1  % m/m  83.3 ± 0.8 
a, b
 83.1 ± 0.2 
a
  83.7 ± 0.4 
b
 83.6 ± 0.1 
b
  84.2 ± < 0.01 
c
 
Saccharification  EBC 4.5.1  min  15 ± 5 25 to 30  15 ± 5 > 60  > 60  
Filterability  EBC 4.5.1     Slow Slow  Slow Slow  Slow  
Odour  EBC 4.5.1     Normal Normal  Non aromatic Off flavour  Off flavour  
Colour  EBC 4.7.1  EBC  4.37 ± 0.06 
a
 3.51 ± 0.04 
b
  7.05 ± 0.2 
c
 9.83 ± 0.10 
d
  11.19 ± 0.61 
e
  
Viscosity  EBC 4.8  mPa*s  1.63 ± 0.01 
a
 1.68 ± < 0.01 
b
  1.60 ±  0.01 
c
 1.56 ± < 0.01 
c
  1.57 ± 0.02 
c
  
pH      6.01 ± < 0.01 
a
 5.97 ± 0.03 
a
  5.86 ± 0.01 
b
 5.17 ± 0.01 
c
  5.29 ± 0.02 
d
  
Note: Different letters in line means significant different values - Duncan’s test at α < 0.05 (means ± std). 
* 
Oliveira et al. (2012b) 
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F. culmorum infection resulted in a significant increase in extractability, a delayed 
saccharification, and an increase in colour intensity. It also resulted in a lower viscosity 
and lower pH value. Instead, as a result of the L. reuteri R29 cfs (3 °P) inoculum, there 
is a significant increase in carbohydrates extract and in colouration. In addition, the pH 
value is slightly attenuated, when compared to the infected control. 
The changes in the quality attributes of malt, due to the LAB inoculum, are within 
standard values. The increased nitrogen content, grains friability and the reduced 
number of glassy corns and partially unmodified grains are a clear indication of higher 
modification of grains. This resulted from the LAB cfs addition. The extra grain 
modification resulted in a higher extract percentage, which can be an advantage for 
beverages fermentation. The lower viscosity can be another advantage in industrial 
processing by enhancing wort filterability (Oliveira et al., 2012a). The significant pH 
drop due to the presence of organic acids is beneficial for brewing, enhancing the 
enzymatic activity and yeast fermentations (Lowe et al., 2005a; Lowe et al., 2005b). 
7.5. Conclusions 
The application of L. reuteri R29 cfs, produced with wort substrate, in the malting 
process represents a practical and inexpensive antifungal alternative to the malt 
industry. The effective antifungal activity and the basic nutritional requirements of L. 
reuteri R29 makes it a good potential strain for industrial applications. L. reuteri R29 
cfs using a 3 °P wort substrate showed a unique capacity to inhibit the germination of F. 
culmorum spores and to reduce the mycotoxin DON accumulated in the final malt 
grains. Lactic, acetic, phenyllactic and benzoic acids were the acids in higher 
concentration and contributing to the strong supernatant antifungal activity. In addition 
to microbial stability, the antifungal method implemented in this study resulted in a 
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higher extract yield due to the extra modified malt grains obtained. The unique 
antifungal characteristics of L. reuteri R29 supernatant should be further explored 
through the isolation and characterization of these compounds. 
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8.1. Overall Discussion 
Toxigenic and spoilage fungi are responsible for numerous plant diseases in the field; 
they produce a multitude of mycotoxins and cause major negative quality and quantity 
deviations. In turn, these consequences result in considerable economic losses for the 
food industry. High incidence of mycotoxin infections in cereals have been observed 
worldwide (Manthey et al., 2004; Warzecha et al., 2011). Specifically, Fusarium toxins 
are common contaminants of cereal grains (Pleadin et al., 2012; Roscoe et al., 2008; 
Santos et al., 2012). Due to their high chemical stability, mycotoxins are potentially 
transferable from grains to processed foods (Champeil et al., 2004; Lancova et al., 2008; 
Schwarz et al., 1995; Wolf-Hall and Schwarz, 2002). Hence, field fungal 
contaminations have to be monitored in processed cereal-base products, even if good 
raw material storage practices are implemented.  
In this study, Fusarium head blight (FHB) was reviewed as an example of a small grain 
crops disease caused by fungal contaminations in the field. FHB is one of the most 
damaging disease of barley worldwide due to its multi-fold damage in the crop and it 
cost millions of dollars per annum in the USA alone (Gilbert and Tekauz, 2000; Nganje 
et al., 2004). The main reasons identified for such efficient fungal infection is the 
capacity of Fusarium species to grow on a wide range of substrates, to tolerate broad 
environmental conditions, and to have high levels of intra-species genetic and genotypic 
diversity (Kerenyi et al., 2004). F. culmorum is one of the most frequently detected 
isolates in cereals (McMullen M. et al., 1997; Walter et al., 2010) and, for this reason, 
Fusarium culmorum was chosen as fungal model species in this study.  
Grains and flour can still retain unsafe contaminants from the field or pre-/post-harvest 
stages if the infections are at an advanced phase (Deibel and Swanson, 2001; Eglezos, 
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2010; Lyon and Newton, 1997). Barley infections with Fusarium species have been a 
long standing problem for the malting and brewing industries. Malting is an example of 
a process in which a complex ecosystem evolves due to the moisture and temperature 
conditions used, which favour fungal growth. This allows the contaminating 
microorganisms to thrive (Champeil et al., 2004) and influence the malting performance 
(Laitila, 2007; Laitila et al., 2007; Laitila et al., 2006; Raulio et al., 2009; Wolf-Hall, 
2007). For this reason, the malting process was chosen as case-study to be investigated.  
To evaluate the impact of Fusarium infections in malting, barley grains were 
deliberately infected in vitro under controlled conditions. This option allowed to control 
the infection conditions and to obtain consistent repeatability.  
Infected barley grains (IBG) showed a red pink colouration (naphthoquinone pigments) 
typically associated with Fusarium infections (Desjardins, 2006; Medentsev and 
Akimenko, 1998). This was most likely due to oxidation reactions caused by fungal 
ruptured cell layers (Cochrane, 1994). The starting point for the fungal infection was by 
macroconidia adhesion to the grain followed by germ tube emergence. This was 
followed by the establishment of hyphal network fusions and host penetration, similar to 
previous studies (Tucker and Talbot, 2001). Intense hydrolysis in the starch granule 
equatorial groove suggests, that hyphal development commences here, in accordance 
with previous in-field infection (Jackowiak et al., 2005). The fungal infection caused 
severe damage in the germ, specifically the scutellum region. The germ region has soft 
tissue and contains nutritional reserves which favour fungal contaminations. Fusarium 
mycelial colonization tends to follow the hydrophilic pathway, following the water 
intake, through the germ region. At this stage, the mycelial network deprives the 
embryo from oxygen and food sources (Kunze, 2010).  
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The Fusarium infection caused a significant increase in barley grains water sensitivity 
decreasing the germinative capacity of grains by 45%. IBG accumulated 199 µg.kg
-1
 of 
deoxynivalenol (DON), comparable to levels of DON naturally accumulated in the field 
(Sarlin et al., 2005). This result was expected, since DON is the most commonly found 
Fusarium toxin accumulated in barley grains (Ioos et al., 2005; Kokkonen et al., 2010; 
Malachova et al., 2010; Schwarz et al., 2006; Wolf-Hall, 2007). A significant decrease 
in IBG β-glucan concentration was also noted, which suggests that the extra glucanase 
activity was of exogenous fungal origin. This was supported by previous studies 
(Schwarz et al., 2002). F. culmorum proteinases were previously shown to hydrolyse 
barley grain storage proteins (Hordeins) (Pekkarinen et al., 2002). IBG were incubated 
for 120 h and, the production of DON may also be partially responsible for inhibition of 
protein synthesis (Kang and Buchenauer, 1999).  
The microbiota present in the outer layers of the grains have been recognized as 
important contributors to malt quality and brewing enzymology (Jones, 2005; Laitila, 
2007). In this study, IBG showed a completely different protein profile, in comparison 
to non-infected barley grains. F. culmorum infection resulted in a significant two-fold 
increase in the proteolytic activity of barley grains. The protein fractions of barley 
grains showed an increase in all protease classes with aspartic proteases dominating. 
This suggests that aspartic proteinases are active during the protein hydrolysis 
mechanism in the aleurone cells (Törmäkangas et al., 1994). The increased proteolytic 
activity caused by fungal infection resulted in a 30% increased protein extractability. 
This indicates that fungal infection assisted the protein solubility through its penetration 
and degradation of the barley cell wall and contributed to a higher content of FAN in the 
wort, which was subsequently produced.  
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The fungal infection coincided with premature proteolytic activation in grains, either by 
supplementing exogenous proteolytic enzymes, affecting the endogenous enzymes 
directly, or by altering endogenous enzyme inhibitors (Geddes et al., 2008; Gorjanović, 
2009; Pekkarinen, 2003). Previous analysis showed that F. culmorum degrades cell wall 
components and endosperm matrix proteins. This confirms that fungal cell wall-
degrading enzymes assist in the fungal pathogenesis towards IBG, as seen in previous 
studies (Kang and Buchenauer, 2000).  
Metabolic active protein albumins showed complex profile variations during fungal 
infection. These included: lipid transfer proteins (LTP); protein Z; barley peroxidises; 
xylanase inhibitors; 1,3-β-glucanase, and β-amylase. There were metabolic activate 
proteins related to antifungal pathogenic (Eggert et al., 2011; Finnie et al., 2011; 
Gorjanović, 2009; Perrocheau et al., 2005) and significantly degraded proteins. The 
latter were likely used by F. culmorum for its nutritional and developmental needs 
resulting in a complex F. culmorum infection interdependence. Globulins were in 
smaller concentrations and most of them were degraded during fungal infection. The 
premature digestion of barley proteins during fungal infection indicates that these 
proteins are likely used by F. culmorum to aid in its colonization. The embryo is the 
first region to be affected by the fungal infection and thus, both albumin and globulin 
proteins degraded during the initial fungal infection is likely to be located in this region. 
This is in agreement with barley grains infections in the field (Pekkarinen, 2003). Most 
storage protein fractions (prolamins and glutelins) seem to be associated with the native 
barley proteins due to their similar distribution patterns. Though, the concentrations 
were significantly different in some cases. A large proportion of hordeins (prolamins) 
are found in the glutelins  protein fraction due to their compact disulfide-bound protein 
core (Shewry and Casey, 1999).   
Chapter 8. Overall Discussion 
 
235 
 
A 6 kDa hydrophobic protein had a significantly higher concentration in IBG and may 
be of fungal origin or alternatively, is an endogenous protein triggered by the F. 
culmorum infection. 
A 23 kDa protein showed a 50% hydrophilic/hydrophobic character as illustrated by its 
separation into prolamin and glutelin fractions. This peak is present exclusively in IBG 
and thus, is likely to be a fungal hydrophobic peptide involved in the infection stage 
(Hégrová et al., 2009). Fusarium species can produce hydrophobins during the 
formation of aerial mycelia and sporulation structures, which helps in the attachment of 
the fungus to the waxy surface of the host plant (Walter et al., 2010). 
Prolamin storage proteins displayed a clear modification during barley fungal infection 
towards a more hydrophobic nature. The major differences between infected and non-
infected grains were observed in the 57 kDa C-hordeins and 84 kDa D-hordeins. Also, it 
was detected a protein area of interest with a pI at pH 4.5 more concentrated in IBG. 
This is likely to include pathogenesis related proteins, which are resistant to proteolysis 
and thermal degradation at low pH. 
Fusarium infected malt is capable of entering into the brewing supply chain if present at 
high initial loads. For this reason, a 20% of previously Fusarium infected barley grains 
were mixed with 80% of uninfected barley grains to use as initial batch for malting. 
This allowed studying the fungal proliferation with a specific initial Fusarium infection 
in barley grains. 
During malting, F. culmorum proliferated over 4-times its initial levels, colonizing 
healthy kernels through cross-contamination. Fungal biomass increased during all 
stages of malting, but particularly favoured during air rests and germination. The malt 
produced with infected barley grains (IMG) had an extensively damaged, shrunken and 
wrinkled appearance, with particular focus on the embryo and crease regions, where the 
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fungal infection started. Similar results were seen in field infections (Kang and 
Buchenauer, 2000). These grains are compared to tombstones in field Fusarium infected 
grain (Champeil et al., 2004). Infected malt accumulated over 8-times its DON 
concentration, with maximum levels in the final IMG. In the latter stages, the fungal 
proliferation was accompanied by mycotoxin DON production, even after leaching 
during the second wet stage of steeping. This correlates well with previous reports 
(Champeil et al., 2004; Sarlin et al., 2005; Wolf-Hall, 2007).  
F. culmorum depleted grain nutrients, causing extreme structural proteolytic, (hemi)-
cellulolytic and starch deterioration with increased friability and fragmentation of malt 
grains. F. culmorum colonised the interior of grains by hydrolysing exo-proteolytic and 
cellulolytic enzymes (Kang and Buchenauer, 2000). This resulted in over 27% higher 
malting losses in IMG, comparing to control (uninfected barley malt). Infected malt 
grains had higher protease and β-glucanase activities, lower amylase activity; a greater 
proportion of free amino and soluble nitrogen, and a lower β-glucan content. Fusarium 
contribution to higher proteolytic activity in malt grains was seen before (Schwarz et al., 
2002). This was either triggered by barley pathogenesis-related proteins, fungal 
proteases (Pekkarinen, 2003), or a combination of both.  
After malting, there was a significant 2.6-fold increase in proteolytic activity, 
independently of the fungal infection. Cysteine proteases represented almost 50% of all 
proteolytic enzymes produced during malting. This supports their important role in the 
mobilization of grain reserves during malting and mashing, which leads to the 
hydrolysis of barley proteins (Jones, 2005; Jones and Budde, 2003; Loponen et al., 
2007). 
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Infected and non-infected malt grains had comparable protein concentrations after 
malting. This indicates that an increase in protein solubility related to fungal infection 
may be lost during steeping, through the damaged IMG cell walls and other structures. 
Another hypothesis is that, proteins which could be hydrolysed by fungal proteases may 
have been fully solubilized during the malting process. The majority of the protein in 
grains has storage functions. Normally, there is a decrease in storage proteins and an 
increase in some metabolically active proteins during malting (Gorjanović, 2010). 
Despite the comparable total storage protein concentrations, there was a shift from a 
majority of prolamins (52%) in uninfected grains, towards a majority of glutelins (61%) 
in IMG. IMG had a pronounced decrease in storage proteins in comparison to control 
(9% and 1%, respectively). This reflects the 5% extra solubility in the IBG proteases 
during the fungal infection observed before.  
After malting, the majority of the metabolic active proteins changed significantly and a 
newly formed peak was observed. Newly formed albumins might be degradation 
products resulting from the malting process. Peaks which had increased intensities in 
IMG may suggest that their production was induced by F. culmorum. Similar results 
were reported for wheat, where pathogenesis related proteins accumulated during F. 
culmorum pathogenesis (Caruso et al., 1999). Inversely, F. culmorum degrades the high 
molecular weight (HMW) proteins to some extent or interferes with their transcription. 
The majority of the globulins peaks detected in raw barley grains were degraded to a 
certain extent during malting. This indicates a likely storage protein function for these 
peaks (Klose, 2010). Likewise, fungal infection resulted in increased degradation of 
storage proteins during malting. The majority of the hordein proteins were fully 
degraded during malting. This extra storage protein degradation can directly contribute 
to a better grain quality for malting and brewing purposes (Šimić et al., 2007). 
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Results observed in this study, and those previously reported, are similar in spite of the 
different Fusarium species or strains being used (Sarlin et al., 2005; Schwarz et al., 
2001). Differences observed in DON production and Fusarium growth arises from the 
fungal infection. Challenging mature grains with a fully developed defence system leads 
to a different infection pattern, thus justifying the resistance to kernel infection. Initially 
infected barley grains were seen to go through several chemical and physical changes 
that affected negatively both the yield and quality of the final malt produced. Overall, F. 
culmorum infection of barley and malt grains is detrimental to the synthesis of 
endogenous barley metabolic proteins and additionally, causes accelerated storage 
protein degradation. Contaminated malt showed a completely different pattern of 
enzyme hydrolysis with particular impact on barley albumins. These results illustrate 
that IMG show a complete different protein profile, in comparison to uninfected grains. 
In addition, it shows that after 120 h of fungal incubation, F. culmorum reaches the 
storage protein fractions of mature barley grains and displaces their inner structures. 
These findings show clearly that, 20% F. culmorum infected barley grains do not meet 
the standards required for use in malting. 
The primary use of barley malt produced is for brewing purposes. Fusarium infection in 
barley grains resulted in malt unsuitable for brewing. However, it is of interest to 
investigate the effect on processability and beer quality produced from infected malt. 
For this reason, the malt produced from previously infected barley grains was used for 
brewing. 
Wort produced with malt from infected barley (IW) had a higher FAN, a higher β-
glucan and a lower pH, in comparison to wort produced with uninfected grains (CW). It 
was also noted a 45% increase in the IW purging rate. Overall, the faster purging rate of 
the IW can be a time-saving advantage for the brewing process. The differences in the 
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wort composition can be attributed to the Fusarium infection of barley malt. Previously 
infected malt had a higher FAN concentration, which contributed to a higher FAN 
concentration in IW. This is a beneficial aspect, as there are more available nutrients for 
the yeast fermentation (O'Connor-Cox and Ingledew, 1989). The soluble β-glucan 
content in IW was constantly higher. The previous malt analysis indicates that the 
infected grist contained less β-glucan and higher β-glucanase activity. This suggests that 
the majority of β-glucan from CW remained in an insoluble form in spent filter cake. 
Infected grist was more friable and had higher proteolytic and cytolytic activity. This 
higher malt modification explains the enhanced solubility of its β-glucan and 
nitrogenous compounds. It is known that barley grains with low β-glucan content reduce 
the gelation tendency (Narziss, 1992; Wagner et al., 1991). This is confirmed in this 
study by the reduced viscosity obtained in IW. These factors combined enhanced the 
water penetrability of the grist cake, thus improving the filterability rate. These findings 
are in accordance to previous studies (Bühler et al., 1996; Wang and Zhang, 2010).  
Using IW, the yeast performance was improved during the first 5 days, but it 
flocculated prematurely. The yeast stationary phase was reduced by half (20 h) in IW 
fermentation. However, the premature yeast flocculation (PYF) didn’t affect the final 
extract and attenuation degree. This suggests that the increased proteolytic and cytolytic 
activities contributed to enhancement of amylase access to the starchy endosperm. 
Yeast fermentation tends to be enhanced by lower wort pH and an increase in available 
yeast nutrients (Bamforth, 2006). This explains the faster FAN consumption during the 
first days of fermentation in IW, in line with the tendency for increased proliferation of 
the yeast cells. Despite this, the yeast followed the same trend as in the CW suggesting 
that the infected grist also contributes with other adverse effects (e.g. DON). The extra 
protein hydrolysis seen before is facilitating the mycotoxin DON extraction from the 
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grains to wort during mashing. Fungal contaminations have been associated with PYF 
in previous studies (Axcell et al., 2000; Blechova, 2005), which can lead to incomplete 
fermentations and off-flavours (Verstrepen et al., 2003).  
The sugar and organic acids profile from wort were comparable. The only exception 
was an increased concentration of formic acid produced during fermentation, using 
infected barley grains (IB). IB had a considerably different amino acid profile and 36% 
higher amount in IB. The increased grain friability enhanced solubility of the 
nitrogenous compounds generated during mash. These may be partly responsible for the 
darker colour of the fungal infected malt, in accordance to field infection studies (Sarlin 
et al., 2005; Schwarz et al., 2001). IB had higher residual FAN concentrations and a 
67% significantly darker colour, which correlates well with the previous malt analysis. 
Both beers had minor differences in pH and β-glucan values. IB foam had a tendency 
towards better stability, probably due to the higher availability of small peptides and 
amino acids, acidification of mashing and possibly formed melanoidins. Although large 
proline-rich polypeptides influence chill haze formation in beer, smaller hydrophobic 
polypeptides, like hordein protein glutelin, have positive effects on foam formation, 
which contributed to the tendency for better foam stability in beer produced with IMG. 
All these factors play a positive role in foam stability (Bamforth, 2006). Also, protein Z 
and LTP 1 are related to foam formation, stability and beer haze. Therefore, the changes 
that occurred in these protein peaks were partially responsible for changes in the beer 
foam stability. The final IB accumulated 271 µg.kg
-1
 of DON, which corresponds to 
78% of the DON present in infected malt grains. This correlates well with Schwarz 
(2003) study where 80% of the total DON was transferred from malt to beer, with a 
small fraction accumulated in the spent grains. Barley DON levels are strongly 
Chapter 8. Overall Discussion 
 
241 
 
correlated with final levels in the malt and can also influence wort colour (Schwarz et 
al., 2006), probably indirectly as part of the plant defence reactions.  
Iso-amylalcohols were detected above its sensory threshold in both beers. However, 
total diacetyl, iso-valeric acids, and acetaldehyde were above its sensory threshold in IB 
which imparts a vinous, cheesy, buttery, green character to IB. 
IB had an overall 14% increase in fusel alcohol compounds, in comparison to CB, 
which resulted in an overall 10% increase in ester compounds. However, several 
positive flavour compounds in IB had diminished, such as ethyldecanoate, 
isobutylacetate, i-amylacetate, and 2-phenyletylacetate. This can result in accelerated 
appearance of age-associated flavours (Meilgaard, 1975a, b; Russell, 1995). 
Furthermore, IB had an overall 40% increase in fatty acid compounds (e.g. caprylic and 
caproic acids). These fatty acids are indicative of an increase in yeast cell lyses during 
premature flocculation. Also, a 75% increase in total ketone compounds was seen. 
Diacetyl increased by 67% and 2,3-pentanedione doubled in concentration. Diacetyl is a 
Maillard reaction product which was expected to increase in line with the extra amino 
acids present. Free dimethylsulfide (DMS) concentration was also higher in IB. 
The most notable difference related to yeast by-products in the IB, was the significantly 
high acetaldehyde concentration. This reflects the absence of sufficient quantities of 
viable yeast towards the end of the fermentation in accordance with the premature 
flocculation from previous analyses. All staling indicator compounds analysed in CB 
and IB were below the threshold of detection. Nonetheless, in IB, staling indicators 
increased by 83%, oxygen indicators increased by 48%, and thermal indicators 
increased to 4-times the concentration of the CB. All lactone, Strecker aldehydes, and 
ethyl esters were present in higher concentrations in IB.  2-Furfural (S, T) was the 
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compound with the highest increase in IB, when compared to the CB (15 µg/L and <1 
µg/L, respectively). These heterocyclic compounds are products as part of the Maillard 
reactions which is an indicator for beer flavour deterioration. 2-furfural increased due to 
higher amount of amino acids in IW and thus, more Maillard reactions which contribute 
to burn flavours and to staling compounds (Vanderhaegen et al., 2007; Vanderhaegen et 
al., 2006). The increase of hydrocyclic compounds resulting from Maillard reactions 
and Strecker aldehydes observed in this study is likely to contribute towards an 
increased beer staling character and reduced shelf-life. This study clearly shows that 
using infected malt grist, with 20% initial barley grains infected with Fusarium, has a 
major impact on the beer organoleptic qualities as well as the brewing performance.  
Lactic acid bacteria (LAB) have been applied in food fermentations for centuries due to 
the numerous advantages they provide to food matrixes as well as their contribution to 
product safety. In this context, the use of LAB with antifungal properties may represent 
a significant advantage to the cereal industry. For this reason, the production of LAB 
cell-free-supernatant (cfs) with antifungal properties was investigated for the ability to 
inhibit the fungal proliferation and mycotoxin production during malting.  
A wort-base substrate was applied as a growth medium for LAB with antifungal 
properties. The natural source of wort makes it appealing to both the consumer and 
cereal industry as it is easily available and not restricted by permitted levels, such as 
synthetic chemical additives. 
L. reuteri R29 and L. amylovorus DSM19280 strains were selected to generate 
antifungal supernatant based on preliminary screening trials and previous antifungal 
studies. Results showed that these two LAB strains have a good ability to survive within 
acidic conditions. LAB cell counts tend to be consistent within species and substrate 
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type and, dependent on the inoculum time. Overall, LAB total cell counts were lower in 
wort substrate, when compared to MRS. This high cell density is important to facilitate 
the production of antimicrobial metabolites (Kwon et al., 2001). The MRS media 
provides the required nutrients and chemical stimulants to Lactobacillus growth (Hébert 
et al., 2004). Instead, wort does not have a specific nutritional composition for LAB 
growth. This explains the better LAB viability in MRS. Nonetheless, wort contains 
sufficient essential nutrients to support LAB growth (Charalampopoulos et al., 2002). L. 
reuteri R29 and L. amylovorus DSM19280 strains, as well the corresponding control 
strains of the same species, which did not show antifungal activity, revealed high cell 
viability in wort substrate during 72 h of resident time. A clear decrease in viability is 
measured after 72 h in all LAB strains, which is likely to be due to nutritional 
restrictions and environment toxicity from by-products accumulated.  
Wort substrate has a significantly lower buffer capacity, in comparison to MRS 
substrate. This fact contributes to the lower pH values obtained in LAB cfs fermented in 
wort. Both L. amylovorus DSM19280 and L. reuteri R29 reach pH values below 3.5 
after 120 h in the fermented wort. This is a good indicator for tolerance to adverse 
conditions and microbial stability. Acidification of LAB supernatant favours the 
undissociated weak acid forms and hence, enhances microbial stability (Lindgren and 
Dobrogosz, 1990; Muyanja et al., 2003; Piard and Desmazeaud, 1991; Rathore et al., 
2012). The control strain (L. amylovorus DSM20552) had a higher pH value (3.8) after 
120 h of fermentation in wort, suggesting minor acid production. In correlation with the 
pH decrease, there was a significant increase in TTA levels. Total titratable acidity 
levels from LAB fermented wort ranged from 4.05 to 7.47 mL NaOH (1 mM), whereas 
in MRS ranged from 13 to 29 mL NaOH (1 mM). This suggests a significantly lower 
buffering capacity in the wort based substrate. All strains tested showed to be viable in 
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wort substrate with a capacity for medium acidification, with minor differences between 
strains. Therefore, the strains were used for further antifungal trials. 
Hydrochloric (HCl) and lactic acids were used as controls to investigate the antifungal 
capacity of the fermented wort. The antifungal capacity from chemical acidification of 
wort was acid dependent and directly proportional to the acid concentration added. 
Lactic acid had a significantly stronger fungal inhibitory potential in wort, in 
comparison to HCl for the same pH value. The maximum spore inhibition as a result of 
pH drop from chemical acidification was 38 h, with minimal interference in fungal 
mycelium above pH 3.0. This implies that any extended inhibition time is a result of 
synergistic effects between pH and the antifungal LAB metabolites produced.  
The control strain proved to be a good non-antifungal strain due to the low fungal 
inhibition capacity showed (less than 48 h). This is in agreement with the low strain 
acidification. Instead, L. amylovorus DSM19280 cfs inhibited Fusarium culmorum 
spores at 10
4
 spores.mL
-1
, for 7 days, whereas L. reuteri R29 cfs inhibited up to 10
5
 
spores.mL
-1
 and significantly reduced F. culmorum mycelial growth (-68%±12) when 
challenged with 10
6 
spore.mL
-1
. This is an exceptionally high concentration of pure 
Fusarium macroconidia, which demonstrates that L. reuteri R29 has a strong antifungal 
potential.  
Both LAB cfs inhibited F. culmorum spores under anaerobic and semi-aerobic 
conditions, with significant differences between strains and fermentation times. L. 
reuteri R29 cfs inhibited spores germination, after 48 h of fermentation which show a 
high tolerance towards the wort substrate. Instead, L. amylovorus DSM19280 cfs 
inhibited F. culmorum over 7 days, after 120 h of inoculation time in wort. This 
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suggests that the cell lyses release cellular material, that contributes to the L. 
amylovorus DSM19280 cfs antifungal potential.  
It was observed that, after the initial fungal lag phase, multiple germ tubes emerge from 
apical and middle spore compartments after 12 h and 18 h, following, secondary 
mycelial subdivisions in the control substrate and control strain. After 24 and 32 h, a 
dense mycelial network was formed in the control substrate and in the control strain, 
respectively (Wagacha et al., 2012). When fungal spores were inoculated in L. 
amylovorus DSM19280 (120 h) and L. reuteri R29 (48 h) cfs did not germinate after 7 
days of incubation. Instead, F. culmorum macroconidia was lysed. This is in agreement 
with the antifungal results and confirms that LAB metabolites interfere with the internal 
metabolic regulation of fungal spores.  This is likely to happen when the spores attempt 
to form a germ tube to germinate being most sensitive to environment stress. This result 
corroborates the antifungal results previously reported in this study and confirms that 
LAB metabolites interfere with the internal metabolic regulation of fungal spores. 
Overall, the antifungal properties of LAB have seen to be culture dependent, and growth 
condition dependent, when fermented in wort substrate, which is in line with previous 
studies (Dalié et al., 2010; De Muynck et al., 2004; Laref et al., 2013). Wort substrate 
delivered maltose as the main carbon source. In MRS, L. amylovorus DSM19280 and L. 
reuteri R29 metabolise preferentially monosaccharide’s (fructose and glucose) while 
maltose and fructose were favoured in wort. L. amylovorus is obligatory 
homofermentative and uses the Embden-Meyerhof metabolic pathway (glycolysis) to 
metabolize hexoses. In contrast to that, L. reuteri is obligatory heterofermentative and 
uses the pentose phosphate (phosphogluconate pathway) as main metabolic pathway 
(Vos et al., 2011). Both species can metabolise maltose and produce lactic acid as the 
main by-product. The main reason to favour maltose metabolism is the significantly 
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high initial sugar concentration available which may favour a PMF-driven symport 
system, possibly with a permease, that translocates the sugar through the cell membrane 
with one proton (Salminen et al., 2004). Maltose can be cleaved by maltose 
phosphorylase and β-phosphoglucomutase (Andersson, 2002), releasing glucose, which 
would explain the constant residual concentration of glucose in LAB cfs. In addition, 
previous studies have shown that Lactobacilli metabolism can use sugars 
simultaneously without a glucose repression (Teixeira et al., 2013). As a result, LAB cfs 
generated significant different organic acid profiles in wort and MRS. The production of 
organic acids was considerably higher in LAB cfs generated in MRS media. 
Nonetheless, LAB cfs fermented in wort substrate showed a strong fungal inhibition.  
Other than lactic and acetic acids, 13 acid-base antifungal compounds were identified in 
L. reuteri R29 cfs and 12 in L. amylovorus DSM19280 cfs. The control LAB cfs had 6 
antifungal compounds present in significantly minor concentrations, compared to the 
previous antifungal LAB supernatant.  
The acids benzoic, 4-hydroxybenzoic, vanillic, caffeic, PLA, coumaric, benzoic, 
ferullic, and hydrocinnamic acids were previously identified from Lactobacillus 
amylovorus and L. reuteri strains (Brosnan et al., 2012; Guo et al., 2012). Also, 
Hydrocaffeic, Phenyllactic acid (PLA), coumaric, and benzoic acids were present in 
higher concentration in the supernatant produced from wort, when compared to 
fermented MRS. Previous results show that wort has carbon excess as well and several 
higher saccharides (slow metabolized sugars). Also, the wort non-specific composition 
is likely to create phosphate and/or nitrogen starvation. Therefore, this is likely to have 
an impact in the typical LAB strain biosynthetic pathway, namely, sugar transport and 
rate of sugar catabolism (Kuratsu et al., 2010; van de Guchte et al., 2002; Wright and 
Axelsson, 2012). Most of the metabolites detected are highly volatile and some 
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evaporation of some compounds, such as acetic acid, can explain the lower 
concentration in LAB cfs produced, when compared to the initial substrate 
L. amylovorus DSM19280 cfs (120 h) produced in wort had a higher amount of lactic 
acid (121.23 mM) and lower amount of acetic acid (7.08 mM) when compared to L. 
reuteri R29 cfs. In addition, 7 antifungal compounds were detected in L. amylovorus 
DSM19280 cfs, including, PLA and coumaric acids in majority.  L. reuteri R29 cfs, 
other than lactic and acetic acids, produced PLA (118.6 µg.mL
-1
), OH-PLA (41.5 
µg.mL
-1
), and benzoic (30.5 µg.mL
-1
) acids in higher concentrations. The antifungal 
metabolites present in L. reuteri R29 (48 h) cfs were present in higher amount, 
compared to the controls substrate and the non-antifungal control strain. Therefore, are 
likely to have contributed to the antifungal potential of LAB supernatant. The inhibitory 
capacity of benzoic acid, apart from its pKa (undissociated state at pH 3: 93.5%), is 
mainly due to its lipid/water interphase coefficient and the ability to delocalize the 
negative charge of ions within the interior of the cells and respective increase membrane 
mobility (Narayanan et al., 2004). In this study, PLA was the compound present in 
higher concentration in the LAB supernatant, which is in accordance with previous 
reports (Brosnan et al., 2012; Lavermicocca et al., 2000). Due to the significantly higher 
concentration of PLA, in comparison to the other metabolites, it is likely that PLA has 
an essential role on the antifungal capacity of L. reuteri R29 cfs (48 h). PLA and OH-
PLA were shown to be responsible for LAB antifungal properties in previous studies 
(Lavermicocca et al., 2000; Lavermicocca et al., 2003; Ryan et al., 2009; Waters et al., 
2013). 
L. reuteri R29 cfs (48 h) included a higher number of antifungal metabolites and more 
concentrated, when compared to L. amylovorus DSM19280 cfs (120 h). This correlates 
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with the antifungal trials which justify the better fungal inhibition efficiency from L. 
reuteri R29 cfs. 
It is known that barley husks have a complex cell wall composition, including cellulose 
fibers (encased in arabinoxylans and hydroxycinnamates), pectins and phenolics 
compounds (Vogel, 2008). Therefore, this is likely to be the source of most of the 
hydrocynamic and phenolic compounds detected in wort substrate. Results show that 
the concentration of the compounds present in L. reuteri R29 (48 h) cfs are decreasing 
over time. This indicates that the compounds have been degraded or used for further 
intermediate reactions. The amino acids metabolic pathways are a possible metabolic 
pathway that Lactobacilli have to generate energy (e.g. tyrosine and phenylalanine 
potential precursors for PLA and OH-PLA, as well as benzoic acid). Previous studies 
have shown that the phenylalanine metabolic pathway leads to the production of PLA as 
well as other flavour volatiles, using L. plantarum and L. sanfranciscensis strains 
(Vermeulen et al., 2006). In addition, some of the reactions that occurred previously can 
be reversible. Furthermore, studies have shown that bacteria are capable of assimilation 
of hydroxybenzoic and benzoic acids (Vraný, 1960). Also, phenolic acids, such as 
hydroxybenzoic (e.g. vanillic) and hydrocinnamic acids (e.g. caffeic, hydrocaffeic, 
coumaric, ferullic) have the capacity to influence LAB growth and are known to be 
involved in further reactions (Campos et al., 2003).  
In L. reuteri R29 (120 h) cfs, the acids PLA, benzoic and OH-PLA are present at higher 
concentrations, when compared to the other acids produced. L. reuteri R29 (120 h) cfs 
showed a strong antifungal activity (data not shown). Therefore, this confirms the 
important role of these acids on the antifungal activity, as seen in previous analyses 
(section 6.4.2).  
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L. amylovorus DSM19280 cfs in wort shows a typical cumulative performance of 
antifungal metabolites over time. The presence of a higher number and amount of mixed 
antifungal metabolites in L. reuteri R29 cfs (48 h) is a result of its heterofermentative 
metabolism. This fact may explain the faster and stronger antifungal performance of L. 
reuteri R29, when compared to L. amylovorus DSM19280 cfs (120 h). 
There is evidence that proteinaceous metabolites can play a positive role on the 
antifungal properties of LAB (Mauch et al., 2010; Magnusson and Schnürer, 2001). 
Nonetheless, our results reveal that about 90% of the antifungal activity is due to the 
production of acids and consequent decrease in pH, when compared to enzymatic 
digestion essay results (Attachment 7). 
Given that most of the metabolites identified are below its minimum inhibitory 
concentration, it is likely that an addition effect is contributing to the antifungal capacity 
of the supernatants. This has also been discussed in previous studies (Brosnan et al., 
2012; Lavermicocca et al., 2003; Niku‐Paavola et al., 1999). In addition, the 
concentration of the compounds present in L. reuteri R29 (48 h) cfs are decreasing over 
time, which indicates that the compounds are further degraded or used in intermediate 
reactions.  L. amylovorus DSM19280 cfs produced in wort shows a different picture; 
here a typical cumulative performance of antifungal metabolites over time is measured. 
This confirms the lower antifungal potential of supernatants produced by the L. 
amylovorus DSM19280 strain with less than 120 h of resident time in wort substrate. 
This study demonstrates the suitability of wort-base extract for the production of LAB 
cell-free-supernatant with a strong antifungal activity. The natural source of wort makes 
it appealing to both the consumer and cereal industry as it is easily available and not 
restricted by permitted levels, such as synthetic chemical additives. The wort substrate 
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enables good LAB cell viability and acidification rate for LAB cfs production which 
results in, at least, 7 days of antifungal activity. Clear differences in sugar and acid 
profiles were seen between wort and MRS. Both L. amylovorus DSM19280 and L. 
reuteri R29 were efficient in inhibiting F. culmorum macroconidia compared to the 
non-antifungal control strain. This is the first time that L. reuteri R29 cfs was 
characterized and 13 antifungal metabolites were identified. L. amylovorus produced up 
to 12 antifungal metabolites. Strains were seen to produce different metabolites and to 
have different fermentation times for optimum fungal inhibition capacity. Furthermore, 
L. reuteri R29 showed metabolic degradation of by-products over time, while L. 
amylovorus evidenced a typical cumulative production mechanism. In addition to lactic 
and acetic acids, PLA, OH-PLA, and benzoic acids were present in higher 
concentrations and were shown to play an essential role in the supernatant antifungal 
capacity. L. reuteri R29 showed a unique capacity to inhibit Fusarium spores within 48 
h of fermentation. This makes it a strong candidate as a natural antifungal agent for the 
cereal industry. 
L. reuteri R29 cfs (48 h) and L. amylovorus DSM19280 cfs (120 h) showed a strong 
antifungal potential in vitro. Therefore, were chosen to apply under pilot-scale malting 
conditions, as steeping liquor, to investigate the potential to inhibit mould growth and 
mycotoxin production during malting. This is the first study, where LAB cfs, produced 
from wort extract, was applied to the malting process as a bio-preservation method, and 
a direct correlation between LAB antifungal metabolites, Fusarium growth, and the 
mycotoxin production was shown.  
Results revealed that the application of wort substrate and LAB cfs causes a decrease in 
root development. However, this decrease was independent from its enzymatic activity 
which kept standard hydrolysing levels. Therefore, the grains are suitable to be used in 
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malting. This was in accordance to previous studies (Mauch et al., 2011). The use of 
acidified control (with lactic acid (pH 3.3)), as steeping liquor resulted in a significant 
decrease of 60% and 57%, in F. culmorum biomass and mycotoxin DON, respectively, 
when compared to the infected control batch. Lactic acid is known to be a potent 
antimicrobial agent. Hence, the fungal inhibition obtained from the lactic acid acidified 
substrate is expected to be the uppermost inhibition capacity, to compare with LAB 
inoculums. 
Malt batches with L. reuteri R29 and L. amylovorus DSM19280 cfs inoculums did not 
reduce F. culmorum biomass, when compared to the infected control batch. The aerated 
stages and colder temperatures used during the malting process could have favoured the 
fungal proliferation, which could explain the reduced fungal inhibition, in comparison 
to the previous in vitro antifungal results. The high fungal biomass most likely can be 
related to the amount of carbohydrates present in the substrate (12 ºP). As such, two 
different worts were prepared, a 6 °P, and 3 ° P wort substrate. These substrates were 
used to produce the respective L. reuteri R29 cfs (6 °P) and L. reuteri R29 cfs (3 °P). 
Pre-trials using the diluted wort showed that LAB cell counts were within acceptable 
range for inoculum with acidification rates in line with previous analyses using 
undiluted wort substrate. During malting, both malt batches, using L. reuteri R29 cfs (6 
°P) or (3 °P), resulted in a significant fungal biomass decrease, in comparison to L. 
reuteri R29 cfs (12 °P). Results revealed that a wort concentration of 3 °P is adequate to 
support LAB growth and the production of sufficient antifungal compounds. L. reuteri 
R29 cfs produced with a 3 °P substrate successfully inhibited Fusarium growth by 23% 
and mycotoxin DON by 83%. The resulted malt grains were characterized by a clear 
golden pale colour. Instead, the infected batch control resulted in a high number of 
heavily infected red kernels, which was correlated with the high DON concentration. 
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The L. reuteri R29 cfs (3 °P) showed an improved antifungal activity, which indicates 
that the decrease in the sugar substrate concentration restricted the fungal growth.  
The concentration of lactic and acetic acids present in LAB cfs decreased successively 
with the dilutions of the initial wort substrate fermented with L. reuteri R29 (12 to 6 to 
3 °P). However, the production of these acids was higher than the proportional substrate 
dilution. This fact, in combination of the reduction of sugars was crucial to improve the 
antifungal capacity of LAB cfs with 3 °P, when compared to LAB cfs with 12 °P. The 
L. reuteri R29 cfs (3 °P) inhibiting capacity was over twice as efficient as the acidified 
substrate control containing twice as much of the lactic acid in LAB cfs (3 °P). In 
addition, the lactic acid concentration produced by LAB cfs (3 °P) was lower than the 
minimum inhibitory concentrations. This indicates that the other metabolites produced, 
such as PLA, are essential for LAB cfs antifungal capacity, most likely with an addition 
effect. L. reuteri R29 cfs (3 °P) accumulated 68% of phenylactic acid (127.6 µg.mL
-1
) 
and 32% of benzoic acid (10 µg.mL
-1
) as major metabolites, in comparison to the L. 
reuteri R29 cfs (12 °P). These two acids seem to have an essential contribution to the 
antifungal potential of L. reuteri R29 supernatant, as it was suggested by previous 
results. 
As a direct result of the L. reuteri R29 cfs (3 °P) inoculum, malt quality attributes 
resulted in significantly highly modified grains, higher colouration, and higher extract 
yield. In addition, the pH value is slightly increased, when compared to the infected 
control batch, but still lower than non-infected malt control. Malt loss was comparable 
to the malt loss obtained from infected malt batch. The extra grain modification resulted 
in a higher extract percentage, which can be an advantage for beverages fermentation. 
The lower viscosity is another advantage enhancing wort filterability (Oliveira et al., 
2012). The significant pH drop due to the presence of organic acids is beneficial for 
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brewing, enhancing the enzymatic activity and yeast fermentations (Lowe et al., 2005a; 
Lowe et al., 2005b). 
The application of L. reuteri R29 cfs, produced with wort substrate, in the malting 
process represents a practical and accessible antifungal alternative to the malt industry. 
The effective antifungal activity and the basic nutritional requirements of L. reuteri R29 
makes it a potentially good strain for industrial applications. L. reuteri R29 cfs using 3 ° 
P wort showed a unique capacity to inhibit the germination of F. culmorum spores and 
to reduce the mycotoxin DON accumulated in the final malt grains. L. reuteri R29 cfs 
was characterized for the first time and this was the first work where Lactobacillus 
amylovorus DSM19280 and Lactobacillus reuteri R29 antifungal compounds were 
quantified, using wort-base substrate, associated with a F. culmorum macroconidial 
inhibition profile. 
In this study, it was confirmed that, the implementation of a LAB bioprotection in 
malting can be a successful counter-measure to the mould proliferation. LAB wort-
based cfs applied in the early stages of malting significantly reduces fungal cross-
contamination and thus, the accumulation of mycotoxin DON in the malt grains. The 
production of organic acids and its synergy are fundamental for the LAB antifungal 
potential. Lactic, acetic, phenyllactic and benzoic acids were the acids in higher 
concentration and contributing to the strong supernatant antifungal activity. In addition 
to microbial stability, the antifungal method implemented in this study resulted in a 
higher extract yield due to the extra modified malt grains obtained. The unique 
antifungal characteristics of L. reuteri R29 supernatant should be further explored 
through the isolation and characterization of these compounds. LAB cfs improved 
product quality attributes and thus, resulting in a safer and better value product. 
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Attachments  
 
Attachment 1. Calibration curve for PCR assay. PCR-product correlated with 
Fusarium culmorum DNA concentration. 
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Attachment 2. Total cell counts (CFU.mL
-1
) from lactic acid bacteria at resident time-
points 0, 24, 48, 72, and 120 h, using wort (A) and MRS (B) substrates. 
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  Incubation time (h) 0   24 48 72 120 
  Medium MRS Wort MRS Wort MRS Wort MRS Wort MRS Wort 
pH 
L. amylovorus DSM20552 
5.60 ± 0.08 5.59 ± 0.02 
3.48 ± 0.06 4.39 ± 0.05 3.42 ± 0.10 4.30 ± 0.06 3.41 ± 0.09 3.85 ± 0.04 3.39 ± 0.07 3.80 ± 0.18 
L. amylovorus DSM19280 3.48 ± 0.06 3.52 ± 0.04 3.50 ± 0.05 3.36 ± 0.04 3.46 ± 0.01 3.36 ± 0.12 3.43 ± 0.04 3.35 ± 0.12 
L. reuteri R29 3.71 ± 0.07 3.51 ± 0.05 3.66 ± 0.08 3.46 ± 0.18 3.55 ± 0.14 3.53 ± 0.11 3.52 ± 0.11 3.42 ± 0.09 
TTA 
L. amylovorus DSM20552   27.8 ± 3.89 4.05 ± 0.64 26.40 ± 3.11 5.25 ± 0.93 27.70 ± 1.13 5.40 ± 0.85 28.85 ± 0.64 5.10 ± 0.57 
L. amylovorus DSM28019 
7.15 ± 0.21 1.38 ± 0.04 
24.1 ± 1.27 4.13 ± 0.76 25.25 ± 0.35 6.0 ± 0.52 27.35 ± 1.63 5.80 ± 0.46 27.05 ± 1.91 5.40 ± 0.40 
L. reuteri R29 26.0 ± 1.41 5.60 ± 0.14 23.50 ± 1.56 7.40 ± 0.42 26.35 ± 0.49 7.23 ± 0.68 26.30 ± 0.42 7.47 ± 0.90 
Attachment 3. The pH and total titratable acids (TTA) from LAB cfs generted in wort and MRS medium, at different time-points. 
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Attachment 4. LAB antifungal profile against F. culmorum.  
L. amylovorus DSM19280 (A) and L. brevis JJ2P (B) were used to obtain examples of 
predictive LAB cfs antifungal models. The model correlates F. culmorum (10
4
 
spores.mL
-1
) inhibitory capacity as a function of LAB fermentation time. LAB cfs 
inhibition capacity is divided in three areas; black, 0-20% inhibition capacity; dark 
grey, 20-70% inhibition capacity, and light grey, 70-100% inhibition capacity. 
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Antifungal compounds Formula IUPAC name 
Catechol C6H6O2 Benzene-1,2-diol 
OH-PLA C9H10O4 2-hydroxy-3-(4-hydroxyphenyl)propanoic acid 
4-Hydroxybenzoic C7H6O3 4-Hydroxybenzoic acid 
Hydrocaffeic C9H10O4 3,4-Dihydroxyhydrocinnamic acid 
Vanillic C8H8O4 4-Hydroxy-3-methoxybenzoic acid 
Caffeic C9H8O4 3,4-Dihydroxy-cinnamic acid 
Phloretic C9H10O3 3-(4-Hydroxyphenyl)propanoic acid 
PLA C9H10O3 2-Hydroxy-2-phenylpropanoic acid 
Coumaric  C9H8O3 (E)-3-(4-hydroxyphenyl)-2-propenoic acid 
Hydroferullic C10H12O4 3-(4-Hydroxy-3-methoxyphenyl)propionic acid 
Benzoic C7H6O2 Benzoic acid 
Ferullic C10H10O4 (E)-3-(4-hydroxy-3-methoxy-phenyl)prop-2-enoic acid 
Hydrocinnamic C9H10O2 3-Phenylpropanoic acid 
Attachment 5. Antifungal compounds detected in LAB supernatants. 
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Attachment 6. Schematic diagram of the pilot-plant malting process with LAB cfs application (1, 2, 3) in the early stages of malting. 
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Attachment 7. Characterization of L. reuteri 48/72 h cfs from wort antifungal activity. 
The effects of heat treatment, pH and proteolytic activity were determined.  
The cfs was incubated at 70 °C or 100 °C for 15 min, adjusted to pH 6.5 or 9.0, and was 
treated with Pronase E (P6911, Fluka Chemie Ag, Buchs, SZ), Proteinase K (P2308, 
Sigma-Aldrich, St. Luis, USA) or Pepsin A (P7012, Sigma-Aldrich, St. Luis, USA). The 
pH was adjusted for optimum enzyme activity (7.5, 7.5, or 2.0, respectively). Samples 
with protease addition were incubated at 37 °C for 90 min and immediately cooled. All 
samples were adjusted to their initial pH and filtered with 0.45 µm sterile MINISART-
plus filters before running the antifungal activity assay. L. reuteri R29 cfs with 48 h and 
72 h fermentation was used for the antifungal assay. Pure F. culmorum macroconidia 
suspensions in SNB were adjusted to 10
4
 spores.mL-1. Aliquots of 1 mL were pipetted to 
1.5 mL sterile microcentrifuge tubes, centrifuged (3000 g for 10 min, at 4 °C) and 
resuspended in LAB cfs. Fusarium inoculated in cereal substrate without LAB 
supernatant was used as control. Samples were mixed by vortex and 200 µL were 
pipetted into the 96-well microtiter plate (Sarsted AG and Co, Nuembrecht, Germany). 
The microtiter plate was sealed with optically clear seal for QPCR (Thermo Scientific, 
Waltham, USA) and incubated in a Multiskan FC microplate-reader (Thermo Scientific, 
Waltham, USA) for 3 days at 25 °C. The absorbance was recorded at 620 nm (OD620) 
every hour, with agitation in 4 s intervals. 
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